
Best Available Copy

~Ii~ DIX, FiLE Cops

Implications of Advanced

Technologies for Air and
Spacecraft Escape

D _ _ _ _ _ ELECTE

IJTjt~~ M7 T sr A MAR1IL9 1990
Apro~dfcPublic rol-as

tit

DISTRIBUTION AND AVAILABIUTY
ON BACK COVER

44____ 90 03 19 001



REPRODUCTION QUALITY NOTICE

This document is the best quality available. The copy furnished
to DTIC contained pages that may have the following quality
problems:

"* Pages smaller or larger than normal.

"* Pages with background color or light colored printing.

"* Pages with small type or poor printing; and or

"* Pages with continuous tone material or color
photographs.

Due to various output media available these conditions may or
may not cause poor legibility in the microfiche or hardcopy output
you receive.

E If this block is checked, the copy furnished to DTIC
contained pages with color printing, that when reproduced in
Black and White, may change detail of the original copy.



Best Available Copy

AGARD)CP-472

NORTH ATLANTIC TREATY ORGANIZATION

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE LATLANTIQUE NORD)

t

AGARD Conference Proceedings No.472

"IMPLICATIONS OF ADVANCED TECHNOLOGIES FOR AIR AND

SPACECRAFT ESCAPE

"NTIS

By

DitI
A-1

Papers presented at the Aerospace Medical Panel Symposium held in Munich, Germany,
from 24 to 28 April 1989.

Si ...



Best Available Copy

THE MISSION OF AGARD

According to its Charter, the mission of AGARD is to bring together the leading personalities of the NATO nations in
the fields of science and technology relating to aerospace for the following purposes:

- Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community,

- Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research
and development (with particular regard to its military application);

- Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;

- Improving the co-operation among member nations in aerospace research and development;

- Exchange of scientific and technical informai•n.;

- Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

- Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through
the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

"The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published February 1990

Copyright 0 AGARD 1990
All Rights Reserved

ISBN 92-835-0539-59

Primed by Specialued Priming Services Limited
40 Chigwell Lane, Loarion, Esse• IGIO 3lZ

[U



Best Available Copy

in sVim cfcoanwn unproveniausi in safety. perforrance envelope and reizabity ofprmem operatioal tuctIf
* esapeaysemaurtbr ugvasngis diesirable particularly with respect to high airspeedadverselillde and low ~ltittde

*reoavery. Reduction of esce fatalities or injuriesi and out-of-dhe envelope ejections are the PrimY 10215 Escape from
*hypersonic vehicles and spacecraft in additional challenges of the fiutme Advanced tech~laum qiesJIa escape systems In

tw wayr increased aircraft (and space system) performance expands fth requiremoents aloeus d advanced
teditiologics i acroymoics, materialsi, control. prpusion, avionics, sensors and crew prolecodeaauabie the design of

itliet escape systevoi with autoutatic hazard assessment and adapitation to the seic titodneed.

Ilus Symposinm assesses technological advances inall areas wtbdc Offect overall esWp sywm performance and
capabilities. The multi-discipiviasry discusaiona is centered on new studies development efforts. hbnan tolerance and system
design criterm and tests tha higl;ight advances tn overall system capabilities and future OPPwfM~i9ui

PREFACE

* ~Maior lea ameiliorations qui son: apportees a I& securiti, i Is flailit ec aux perkvirvnancesdes systbrmes deivacustion
*des adronefs, des perfectionnemetsn sont toujours souhAIterW en CC qi COncerne ks Vol il graIIdeiStess leapositions

inhabituelles et Is recupc6ration i basse altitude. Toutes ces amiliorations oat pour oh fpuindpF de re'duire isnonibre
* daccidents mortels ou Wlessre suvnn sut i riivcutio de l'aodroe, ainsi que ks aonbrecrections; hors envelappe

de vol. Levscuadoo des v~hcules hypersoniques et spstiaux eat un d&fi pour l'avenir. Limpect doelchnologies de Pointe
dois lea systesnes d'evacuaton se ripercute de dessa faco=u dune part lsccrmtsseenurt des perfzmmces des a~roafs et des
systimsea qAdmax augmnente les spkcifications dam renvelopp de vol. et d'autre part Ics techniologies avancees dana lea
domabies de raernodynamique. des mateirisux. du controle, deiLapropulson. del 'avionique. des capiersi et de [a protection

dopersonnel navigant permcttent la realisation de systiemes dvacuatmion. inehgs avoc prev aautcunatiue de risque
de d'adtaptaon lisa besoins conjuncturela

Ce Symposium faitle point des progres r~alis~s dana tos lea domaines ayant une hifluence sur Ic fonctionnement
global et lea capacitis des systemies crEvsiuation. Le debat plunidisciplinai~re porte sur lea Etudes nouvelles. lea projects de
&Aveloppement. lea niveaux de tolerance humains et lea critires i adopter pour is conception des syssenses. sinaii que sur lea

*esusi deatin6s i mettre en valuer lea notivelles postibilitis des 3ystemes et IeS applications futures



Best Available Copy

AEROSPACE MEDICAL PANEL

Chairman. MrC.BatesJr Deputy Chsurman Prof. G.Santucci
Director, Human Engineering Div. Chef du Laboratoire Central de
AAMRL/HE Biologic Airospatiale
Wright-Pattersoo AFB E.A.SA.A.-
Ohio 45433-6573 5, Bis Av. de Is Porte de Sivres
United States 75996 Pars Armis

France

TECHNICAL PROGRAMME COMMITTEE

Chairman: M an Chef H.Vieillefond Deputy Chairman: Dr HE. von Gierke
CE.V./LAMAS AAMRL/BB
B.P. 2 Wight-Patterson AFB
91220 Brntigny sur Orge Ohio 45433-6573
France United States

Members

Gen. Dr Med. E.C.Burchard Wg Cdre. DJAtmon, RAF
Postfach 1264/KFL RAF/IAM
D-8080 Furstenfeldbruck Famnborough, Hants GU 14 6SZ
Germany United Kingdom

HOST NATION COORDINATOR

Oberstar•t J.Langhoff
Postfach 1264/KFL
D-8080 Fiirstenfeldbr'ick
Germany

PANEL EXECUTIVE

Major J.A.Winship, CAF
AGARD/'NATO
7, rue Ancelle
92200 Neuilly sur Seine
France

iv



Best Available Copy

CONTENTS

PREFACE Pg

PAM~ AND MEFI1NG OFFICIALS

K'YNOrTE ADDRESS

INTRODUCIION AUX IMPLICATIONS DES TECHNOLOGIES DE POINTE DANS
LTVACUATION DES AERONEFS ET DES VEHICULES SPATIAUX

(IwIade H. aAdvamd Tccno~oI or- Air and S9.Cecral Escap) -

~ ~r f ~ SESION I

'ý-ý3PEVELoPmENT/3F ACCELERATION X*POSURE LIMFI3 JFX.3R AD)VANCED ESCAPE

byJ.W74,d.mcke L.Specker amd S.E.Mosher I

CHOCS A L'OUVERTIJRE LORS DES EJECTIONS A GRANDE VITESSE?
Qt)ELLES NORMES?

par A.Lft". P.Dolou. PSandor et P.Deaudouln 2

-'EWIOPSWENTOFAN EJECTION SiAT SPECIFCATION FOR A NEW FIGHTER

6 _ESCAPE SYSTEMS RESEARCH AT RAE
Sby DJ.Ggo 4

FIGHERLý APSVSTEMS)- 'THE NEXT STEPr FORWARD,-

POTENTIAL EbOLE OF AVIONICS 114 EkAPE SYSTEMS -

Sbyjj.Sclaoeu

SESSION U

-pEcIioNiAT TRAINING Of JET$fLOTS AND W<IAPONS,9YSTEM 4FrICERS
*1TilE JE*MAN AIR FORCE SCHOOL OF AVIATION MEDICINE

byROAeeAll 7

Poprw$dau

TH U.O DVNEDJ)Y NAMIC ANTHROPOMORPHIC MANIK1Nf ADAM >

YivetNBAST P1tOTECfONFbR AIWANCED gJECI1ON,5ATh
~'byL.lSpecker mW J.W.Brdnkley 10

IfONTRiOLLABLE FrlOPULSION FOR ESCAPE SYSTfEMS CONTROL,
3'by AJ3.McDoaai I

WXGENCES DUi SCAPHANDRE DE PROTECTION DE L'EQUIPAGE D'14ERMES
pa L.Sindonesco et C.Fo4 12

'~SAC~RA_0iIWACAPE (~
by B.AMiler ~1.3

I __ ___ ____ ___ ___ ____ _ _ ____ _ _ __



Best Available Copy

K-1

DMMS.zM yC DUAAX U OS MMOnws If DU VMILMS SPA9IAD

Prof. R. VIZZLLEFOND

Mddocin-Chof dui Laboratoiro do M~decine Adrospotialo
at dii Cantr:. dissais en Vol

F 91220 - BRETIGUY

Lsabondon do bard des adronefs on difficult4 &u caurs dui vol eat un bosomn
appanu dhs laorigine de I'aviation de combat.* Au cours do la promi~ire guerre mondisle
plusieurs pilates durent payer do lour vie viabsence do mayen d'aido A li4vacuation
do Ilavion touchA par l'ennemi. Entre lo. dciii guerres, llutilisation systdmatiquo
du parachute a permis do rdaoudro uno portia du problhme jusqu au jour oti la vitosse
dos avions eat venue rendre probidmatique i& sorti6 dui pilote at hasardeuso *a
tra jectaire dana lea airs.

A paz-tir d~uno vitasse do l1ordre do 300 1 400 km/h Ia pilot. no pout
quitter lui-mime son avion an raison do Ia prossian dynamique exercilo par le vent
r latif. Do plus Is. collision dui pilate avec loemponnago eat tram souvent responsabla
dos naubreux; accidents abservds. D61 lore 1' diection par sihqa propuls6 oat 1. saul
made d'6vacuatian do Ia cabino.

Coeat justo avant la secondo guerre quoen Allemagno ddbutent lea itudes
d~une aide mdcanique A l'abandan do bard. Elies devaiant conduiro rapidement A
Ilutilisatian op~rationnelle des premiers sii~ges 6jectables et A Ia fin do Ia guerre
il y avait cii 60 Ajectians dans la Luftw~affe. Depuis 1. nombre dd6jections enregistrdes
done 10 monde ddpasso tr~s largemont 10.000.

Malm auJourd'hui, au cours des missions do pdndtration tactiques ou
stratiqiquos, 11 eat devenu particuli~rement important do valor Io plus vito possible
A tr&s basso altitude, de fagon & Achapper aux radars at aux tirs des missiles anti-
adriens adverses. Les missions d'attaque au sal ndcessitent, ellba aussi, Io vol h
tr~s basso altitude et comportent do nooibreuses manoeuvres d'6vitement.

Ces types do vol constituent des conditions trhs ddfavorsblos A l'abandon
do bard en vol. Si ilon as rhfiire au travail quo James Brinkley a prdsenti 1cr. do
la rdunion do notro Panel A Williamsburg en mai 1984, on pout considdrer quo 60 a
dos 64ections fatales do IVUSAF pendant is ddcennie 1973-84, ant 6td considirdes,
par lea commissions dlenquito, comme rdalisdos hors dii domoins dii si&ge Ajectable
iitilisdf. Dike bor on pout consid.4rer came hars domains, les fijectia. j off ectudes
au dossous do 150 a et A des vitosmes supdrieures A 600 kta.

Pour imprimer au pilate assis sur son si~ige mne trsjectoire do sficuritA4
6vitant on particulier boa structures arri~ros do l~avian, cii lea pales du rotor
principal des hdlicoptilres, il f out liii donnor une vitesso d'autant plus grande quo
collo do l~avion eat 6levio et quo los dimensions do 1'empennage sont plus importantes.
Le temps dont on dispose pour atteindro cotto vitosso eat si court quo l accdldration
e at ndcessairement tr~s dlevdo, A In limit. do is toliranca huraine.

Si l'on veut donnor au si~ge des vitessos supdrieures il faut augmenter
In durde do Ilaccdldration mais diminuer son intensit.6. Cosat cs qui est rdalisd6 avec
los sisges a fusie autorisant une apogie do is trajectoire d'djection assez haute
pour permettro 1s dfiploicmont dii parachute mgme mons vitesse horizontalo initials
de P'avion.

Malgrd cola, dans prem do 15 a des ijections ruussies, Ia survie dui pilots
n'est obtenue qu'au prix do lifiions parfois sdv~res dui rachis. on particulier dorsal
au au niveau do is charni~lre dorsolombaire.

En fait nous n~avons pas encore do ban moadile do la risistanco vertdbralo
A lPaccdldration. L'un des plus connus, utilisA par l'USAF est AL un soul degrd de
libert4. Do cc fait, l1indox do rdponse ou *dynamic response index* West applicable
qulau neul axe Gz et no pout prondre on compte des positions dii pilats sur son si'Vge
qui reprdAentent pourtant un des facteurs patho'gdniques lea plus impartants dans Ie
mdcanisme d'apparition des frsctures dui rachis. La recherche d~un angle aussi petit
quo possible entre l'axo dui rachis ot colui do Is poussi~o du canon devra 4tre mne
do nos prdoccupatians.

On considihre en gdndral qmo Ia configuration normalo do l'djection implique

ls vol rectiligne do l~avion sur une trajectoire sensiblement horizontal* at soa
factour do charge unitaire,le pilate 6tant carroctoment &axis ot sangld our 1. Aiqe.
11 eat pourtant chair qu'au cours des missions do guerro at tout spdcialement au cours
dii combat taurnoyant, id4jectian pourra avoir lieu en virago sarr6. Llaccildration
engendr6o par la manoouvro slajouto alors a Ilacedldration dii sibga. Dons lea vrillos,I lsc1lrationc transverse ddveloppdo par l& rotation do Ilavion placers Is rachis

en fh-Clxion forcA. aggravant les risques do fracture.
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11 no sera mans doute pas facile do mettre au point dos aod&les pronant
en compts tous cam Lacteurs; ot il sera peut-6tre encore plus difficile do lam valider
pour Ilhomes no serait-ce qulh cause du risque encouru par lea sojots volontaires.
Rous verrons mans doute au cours do cette riunion co quo llon post atteuidre do is
ais* au point do nouveaux mannequins &nthropomorphiques.

Une Lois Is sihge mis k fou on ant tentd do mettre as plus tdt 1s pilots
our as trajectoire per example an supprimant Is phase de largage do i& verri~re. Le
pilots at son si~go traversent alors I& verri~re prdslablement frogilisd. par des
cartouches pyrotechniques. On pout escompter un gain do lVordre do I& seconds sais

Is risque do d4thrioration des liquipesenta eat plus grand. Le dsnger quo reprdsento
une collision sync un morceau do plexiglass plus ou mains voluaiommx. pris dons le
vent relatif, rests difficile h prdciser.

Le principal danger qui guetto 1U pilats A so sortie do Is. cabins ant
roprdmenth par Iisprossion dynamique qulexerce I* vent relatif. Catte pression qui
d ipend do Is donsitd do 1lsir vanie aussi coome is carr6 do I& vitemss. Cest dire
son importance loro dos 6jections & bass. sltitude at grand. vitosso.

Cette prossion oat responsablo doaffets directs our Is corps at on
particulior our Is face, tels u contusions, pdt~chies, h~marragios
sous-conjonctivales. La protection apport"V. par los dquipesents, wiaibre do casque,
mosque, nest pas toujours suffisante ot il nest pas rare quo coo Iquipoments soiant
justoment arrashds par 10 vent rolatif a~rec tout ce quo cola pout supposer do
ddfavorablo lors do: djectians rdalisdome A haute altitude. Maim cotta pression ou
"force g" et parfois I lorigine do blessures *xtrfmement graves lides A de vdritables
dislocations minon arrachementa do Is tite at des meaebres. 1l a dtd dimontrd quo pour
des vitesses do lordre do 450 kta, la pression dynamique eat do llordre do 30 kPa,
at quo, dons ce cam, Is farce do cal traction musculairo nest ni asses rapidosiont
Atablio ni asses puissanto pour s'oppcer au ddplsrement d'un somre dans Ie vent
rolatif.

La protection do pilots contra ce danger devra abaolument 6tre prime en
compte pour lea avions ftutrs ot apdcialement dons lea p~.asem do combat oa Ia vitesse
d'6jectiorn eat statistiquomont toujours plus grand. qu'& llontralnement. Kilo pourra
faire appol soit A des dquipamonts portdm en vol par 1. pilote, soit A dos
caractdristiques particuli~ires des sioges main ndcessitera do touts fsgon do difficiles
4tudes do baliatique rialimdes our wod~le anthropomorphique on souafflorie ot leur
validation au coors d'expdriencoe sur sujot humain posoront 1A ~on= des prabl~mee
di6thique.

Dam que Vsensestble vii~go-piloto so trauve dons 1. vent relatif celoi-si
eat soumis & does mouvoments do rotations vers llavant A basso vitesse ou vors l'arriire
pour des vitessos plus grandam et auxquelles slassocient des rotations latirales droites
ou gauchos. or ni la toldrance cardio-vasculaire et roopirataire ni ia taldrence au::
of Lots vestibulaires does rotations no sont oxcellentes shez lea sojets non entrainda.
On tentera donc grace h des parachutes stabilisateurv ou par Is pousados do petites
fusdos d'appoint do maintenir autant quo faire so pourra I. pilate at son aug.q sur
one trajectoiro stabilisde.

Rn ce qui concerns I abandon do bard does hdlicopt~ress.le problime eat
taut aussi ardu at Ia plupart du temps, en vol. il nlexiste qaouno alternative
lVautarotation at Ildvacuation. Encore cellos-ci ndsessitent-ellos le contr~le do
llappareil, one altitude suffisanto, does conditions atmaephdriques favorables ot
notamoent do vimibilitd, un terrain dlatterriasage convenable, etc... Cetto procedure
Oct do toute faigon inaddquate pour lea ftutrs h~capthros do combat. Pour ceux-cJ. il
faudra nettino au point des prochddd dlijoction solion une trajectairs or. L qu~i pourrait
6vitor le rotor principal at sees pales.

Pour lee hdlicapt~res multiplaces an paris depuis ddij longteinps do
techniques qui permottraiont do transformer Is cargo on une cabins largablo et
rdcupdrablo apr~e edparatian des gram morceaux inutiles mareurs, queue, rotors.

Clest vors does technologies do ce type quo lVan sloriente pour tenter
Is sauvotago does quipagoe do vdhiculee spatisux. Comme pour lee hdlicapt~res, le:moyene d'abandon do bard font cruellement ddfaut en astronautique. La tragddie do
Challenger doit noun inciter A proposer des nayens d'dvacuatian do bard au mains pendant
I* tir et les proszi~res sosondee do vol comme pendant lee dorniere instants du retour.

Moos aurane probabloment aujourd'hui un ddbt't d& riponso k cetto question.

Pour 'Here~s' un projot tr~s anbitieux eat A l'dtudo. 11 consists I ijocter
une cabins paruettant is esuvotage des trois morabres do ld6quipsqo dane los 120
preni~res secondes apr&, le tir, jusqu'A Mach - 7 et 58 km. La coGt estimd dlun tel
systime eet do 120 millions $

Mourn &Ilona bient8t parlor do technologies do pointe mais, naum addecins,
no devons pourtant pas oublior quo cos adranets, ou coin vdhiculos spatisux sant sorvis
par dos hoea. Ceci sausentend on particulier quo l1abandon do bard rosts une ddcision
du comndant do bard at quo mime trbs automatiado oel. rests one procidure Loisant
appal A is participation volontairo d'un atre conscient.
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Le respect des consiqoes d'ijection eat Is fruit d'un entrainement dana
lea cabin.. d'adronefs et dans lea simulateura au cours duquel des automatism.. doivent
&tre acquis. En eff at la souls connaissance thdorique, Mime parfaite des proc~dureeo
ddAjection eat insuffisante car en situation rielle. il faudra faire tins vita. On
sait qua 1e stress pout ralentir 1. temps do rdaction at pout mine ontralner 1' inaction
comtplte.

La volont4 du pilate do contrdler son avion Jusqu'au bout, 3a hantise
d'Stre & l1origino d~une catastrophe pour des populations civiles sont aussi un factouin
important du retard A la prise de dodcision d'abendon do bard.

Et maintenant, apris a.. quelques riflexions, je crois quo nous pouvons
nous mettre au travail.
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DEVELOPMENT OF ACCELERATION EXPOSURE LIMITS FOR AOVANCED ESCAPE SYSTEMS
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United States of America

Stephen E. Mosher
DynCorp

Scientific Support Division
Mail Code: AAMRL/SBP

Mright-Patterson Air Force Base, Ohio 45433-6573, USA

SUMMARY

Transient and angular accelerations significantly affect aircrew safety during
emergency escape from aerospace vehicles. However, due to the scarcity of laboratory
data on the response of the human body to transient. multiaxial acceleration, criteria
for design and evaluation of escape systems have been restricted to relatively
simplistic limits of acceleration magnitude and rate of acceleration onset for
acceleration vectors acting In three orthogonal axes, with the exception of the
foot-to-hoad direction (.Z axis). Mathematical models have only been used to assess
the ;robability of Injury for acceleration acting In the +Z axis. Limits have not been
specified for angular acceleration. The United States Air Force Is currently engaged
In an advanced development program to demonstrate the feasibility of three-dimensional
thrust-vector control to provide ejection seat attitude control and trajectory
steering. This program has served to stimulate the development of more comprehensive
design and evaluation criteria to assure that the thrust-vector control system
functions without causing an unacceptable risk of injury to the escape system occupant.
A method was developed to limit acceleration exposure on the basis of the computed
responses of three orthogonal dynamic models. The method was initially developed using
existing data from tests with human subjects and experience with operational escape
systems. More extensive research Is now ongoing to evaluate and improve the method.
Impact experiments with volunteers have been accomplished to more precisely define the
properties of the dynamic response models. Escape system test data were analyzed.
Including measurements of linear acceleration and angular velocity. This paper
describes the acceleration exposure limit method, summarizes the results of recent
Impact tests accomplished with volunteers and provides revised dynamic response model
coefficients derived from the results of these tests. Recent applications of the
acceleration exposure method include evaluation of the performance of the ACES 11
ejection seat, development of the CREST advanced escape system technologies
demonstrator, and study of crew escape systems for hypersonic flight vehicles. Future
research directions are also discussed.

INTRODUCTION

Specification of the limits of human tolerance to short-duration acceleration Is
an extremely difficult problem. First, experiments to cause injury of living humans
are clearly an unacceptable approach to acquiring the data to define these limits.
Tests of human cadavers allow the exploration of stress levels that will cause Injury,
but the results of these tests have frequently indicated the likelihood of Injury at
levels that are known to be well tolerated by volunteer subjects or Individuals
involved In accidents. Therefore, one must use the limited results of early
experiments with human subjects where injury was inflicted accidentally due to
Ignorance of the actual risks, Interpret sketchy Information available from vehicular
accidents, and develop a basic understanding of human body dynamics from tests
conducted at non-injurious levels. Second, It Is difficult to extrapolate from a set
of conditions known to cause injvry to another set of conditions whose effects are not
directly known. In the infancy of escape system design and development, aeromedical
research was focused on the development of criteria for ejection seat catapults (1,2).
The primary Issue that was addressed was: What set of acceleration conditions are well
tolerated by the ejecting aviator but will also provide an adequate velocity so that
the seat and its occupant will clear the tail of the aircraft? Although a rectangular
acceleration waveform would provide the most efficient meons of developing the
greatest velocity within a given catapult stroke length, the investigators determined
experimentally that the human body response was more violent when the time to the peak
acceleration was very short. The acceptable acceleration condition was found to have
the waveform shown in Figure 1 (3). For catapult design purposes, human tolerance
limits could thus be easily described in terms of two parameters, peak acceleration
level and rate of onset of the acceleration. This same approach was used to develop
the human tolerance criteria for the aerodynamic deceleration phase of escape from
high-speed aircraft and the development of the ejection catapult for downward ejection
seats (4,S). The approach seemed to bo adequate to deal with the acceleration
conditions during the catapult phase of emergency escape and in the interpretation of
the results of tests with volunteers conducted using a rocket-propelled sled. But the
limit parameters were difficult to apply to acceleration measurements made during
inflight or rocket-sled tests of ejection seats. The Idealized acceleration profile

__
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that was presumed to use the two-parameter exposure limit method only occurs if the
ejection seat Is aerodynamically stable, I.e., its attitude remains fixed with respect
to the wind vector throughout the deceleration phase of the escape sequence.
Unfortunately, ejection seats are not aerodynamically stable.

AE"ArERMATO M"Ar u STAMM e-.L10 t'-mH-- Hi- a

-G) +11 -- F- ý 4- -1-14-H- -4 { 1' +4
4+Hi 1 1-4 1-+!-÷1 -4•r I -- 11 --- f,

TIME (MILLISECONDS)

Figure 1. Acceleration-Time Profile of the M-S Ejection Catapult (3)

Although investigators such as Stapp accomplished admirable and even heroic
research to establish human acceleration limits, the complex multiaxial accelerations

associated with more advanced escape systems such as the S-S8 and 8-70 encapsulated
seats become practically impossible to evaluate using the peak acceleration and rate of
onset criteria that were standardized (6). Although various committee-derived
techniques were used, e~g., ignoring accelerations having durations under a specific
duration, no consistent theoretically sound procedure was universally accepted.
Kornhauser (1) first proposed a theoretically be-ed technique and demonstrated the
validity of one of its major premises by experisuntation with small animals. Payne
expanded the technique proposed by Kornhauser and mathematically demonstrated the power
of the technique to analyze the effects of complex acceleration waveforms and to
understand the basic principles of impact protection systems (8,9).

The approach proposed by Payne as well as others such as von Glerke (10), used
mathematical models that are descriptive of mechanical system analogs of the
dynamic-response characteristics of the human body, Although more comeplex models,
such as those developed to explain human responses to vibration, were initially
explored, simple single-degree-of-freedom, lumped-parameter models appeared to be
adequate to explain the limited available text data applicable to escape systems.

The model that was developed tm the most satisfactory degree was the Dynamic
Response !ndex (DRi) i odel (11), which was developed to estimate the probability of

compression fractures in the lower spine due to acceleration directed along the

longitudinal axis of the spine in a pelvis-to-head direction (+2 axis). This model was
verified by comparing the response of the model to ejection catapult accelerations with
the operational injury rates asPaciated with the specific escape systems (12.13).
After operational verification and use of the model in the analysis of data from tests
Of several developmental escape systems, the OR! model was incorporated into the United
States Air Force and eultinational specifications for ejection seats and escape
capsules (14,16.16). The OR! model was then successfully used in the design, tett, and

evaluati,•n of the ACES II and the SIIIS-3 ejection seats.

e evplopment of X-axis models proposed by Payne was impeded by the lack of
sufficient data to verify the coefficients of the models or to approximate the
likelihood of inbury associated with the response of the model. Fortunately.
additional experimentation with nolunteers was contiiued to study the human response to
short-duration acceleration. This work has included the Investigation of human

whole-body response (e.g.. 17,18,19,20,17,18,19,20,21,22,23) and the response Of
specific body segments such as the neck and head (e.g., 24,25,26).

Current escape system research and development efforts within the United States
Air Force (USAF) may be categorized in terms of four objectives. These are:
improvement of existing escape systems, extension of the capabilities of open ejection

seats, investigation of integrated cockpit/escape systems, and development of escape
system concepts for vehicles operating In hypervelocity flight regimes. Examples of
these efforts include upgrade of the recovery and landing systems of the F/Fm-111 crew

escape module, the Crew Escape Technologies (CREST) advan..ed development program
(27,28), design of a cockpit escape module (29). and studies of escape systems for
vertically and horizontally launched hypervesocity vehicles (30). Each of these t

efforts has a common ictivity. enaluation of the acceptability of the escape systems by
analysis of the accelerations produced by the system i This crucial activity is carried

out during both the design and test phases of escape system development. The ongoing
escape system development efforts also share a second attribute, the accelerationa
conditions associated with each of the systems are complex including irregular
wayeforms and changinsf acceleration vector directions. These complex acceleration
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Conditions have not and cannot be simulated with existing laboratory facilities.
Therefore, assessment of the effects of these accelerations must be accomplished by
using dynamic response models.

Until recently the method used by the USAF to evaluate the performance of escape
systems was limited to the use of the DRI technique for tte *Z axis only. Linear
accelerations acting on the + and -X, + and -Y, and -Z axes were evaluated using graphs
or tables, which required the fitting of the acceleration-time histories by a graphical
approximation method (14,15). The method is inadequate for numerous significant
reasons. First, the method is not able to evaluate the likelihood of Injury unless the
acceleration acts in the *Z axis. Accelerations in the X, Y. and -Z axe4 are either
within the "zone of sefety' or wIthin the zone of probable disablement' as shown in
Figure 2.

ZNE OF PF40AUE

re OP P J -2 (0 T OFSAOFETY

TMAE j i so a

Figure 2. Acceleration Esposure Limit Graph and Table for -2
Acceleration withf Rise Times Equal to or Great'r than 0.04 Sec.

SecLid, the graphical approximation technique is not a practical method to
evaluate ttv complex waveforms associated with contemporary or advanced escape
systems. Titrd, the method does not address the effects of angular accelerations and
velocities. Fourth. althougn. a computer program was developed to automate the use of
the method, the 3utomatsd analysis was fraught with the same limitations mentioned
above as well as several others attributable to simplifying assumptions that were
necessary to automate the method.

In order to overcome these limitations a more comprehensive method has been
developed to evaluate the effects of escape system accelerations and velocities on the
human occupant (31.32). The approach is summarized as fallows: Relatively simple
lumped-parameter models, which are based on thy dynamic response characteristics of the
human body, are used to evaluate the effects nf linear acceleration components acting
in the orthogonal axes of the human body. The accelerations are presumed to have their
greatest deleterious effect when acting at a specific critical point. This critical
point has been defined as the center of mess of the upper torso, although multiple
critical points can and have been defined and evaluated. The magnitude of the
responses of the dynamic response models have been related to the risk of Injury. In
the ÷l axis the magnitJde of the response has been correlated to an injury probability
distribution function (11). In the other sues the risk of Injury has been estimsted on
the basis of laboratory euperiments and experience with operational escape systems.
The estimates have been resolved into values corresponding to low, moderate, and high
risk of major 'njury. Th. effects of the resultant acceleration condition are
evaluated In terms of ellhpsoidal envelopes for each injury-risk level.

This method is a first step in a more comprehensive injury assessment plan that
includes strategies tailored for the escape system design and text phases. During the
design phase the perforeance of an escape system concept will first be evaluated using
a whole-body response model such as the one described above. This evaluation will be
done based on the acceleration and velocity-time histories computed using models of the
escape system. Where required, more refined analyses will be accomplished to evaluate
the potential for specific types of injury such axs ight be caused by direct impact of
the occupant's head or motion of the extremities. During the subsequent test phase of
the escape system development, two general methods will be used. First, the effects of
the linear end angular accelerations of the escape system will be evaluated using the

at _ _ Ui OF P______(AT________
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w6010-body reSpOwSa model 40d t%* specific Injury-mode models used IN the design phase.
Soeoad. specially desIgaed and listrumerted manikins (33,34,35), which have static and
dyneimc inertial properties as well as kinematic and kinetic response characteristics
of the hOlan body, will be used In the escape system tests. These manikins will be
used to make measvresents ef the forces and moments acting on spicific anatomical
joints and skeletal structures as well as the acceleration of critical body segments
suth as the head.

The purpose of this paper Is to describe the while-body acceleration exposure
method that has beeo developed to date and to provide examples of the experimental
efforts accemplished to develop more accurate dynamic response model coefficients.

uOLE4-@OOY ACCELERATION EXPOSURE LINIT NETHOD

The objective of the computation of dynamic response is to develop estimates of
the general risk of injury at a specified critical point by analyzing measured linear
acceleration and angular velocity time histories. The angular velocity of the escape
system Is measured and the ltnear acceleration Is measured at a known point In the
escape system coordinate system. The critical point is the point In the seat
coordiecte system at which the dynamic response (0R) and the associated risk of Injury
are computed.

If the linear acceleration at any point in the seat coordinate system Is known
&nd the angular velocity of the seat Is known, then the motion of the seat is uniquely
defined and the linear acceleration at any point in the ejection seat coordinate system
can be calculated. The dynamic response of the body in the ejection seat is modeled by
a mass. spring and damper system attached to the seat. For simplicity, the motion of
the body in each orthogonal axis is assumed to be Independent so that each orthogonal
axis can be modeled with a different dynamic system.

Each dynamic system Is accelerated by the component of the critical point
acceleration that lies along the corresponding orthogonal axis. The DR for each
orthogonal axis Is computed from the deflection of the spring of the system. The
dynamic responses of the three orthogonal axes are used to calculate a general
whole-body injury risk In terms of an ellipsoidal approximation.

The equation of motion that describes the spring deflection of the dynamic system
aloeag *ec axis is:

I + %22 - be (1)
where:

I Is the relative acceleration of the dynamic system mass with respect to the
critical point.

Sis the relative velocity of the mass with respect to the critical point.

S Is the deflection of the eass with respect to the critical point. A positive
value represents compression.

c Is the damping coefficient ratio.

SIs the undamped natural frequency of the dynamic system.

is the critical point acceleration component that lies along the axis. The
dynamic response for each axis Is given by:

D - % 
2  

(2)

where: g

OR Is the dynamic response of the dynamic system and g is the acceleration of
gravity, the acceleration of the critical point is related to the acceleration of the
measured point and the angular velocity of the escape system by the equation:

uc -7. a s N(7. - 7 s(1( - 1)) (3)

where:

&a Is the acceleration of the measured point with respect to rest.

r, is tho position of the meosured point in the ejection seat coordinate system.

ac is the acceleration of the critical point with respect to rest.

rc is til position of the critical point in the ejection seat coordinate system.

is Is the angular velocity of the seat.

Ca is the angular acceleration of the seat. It Is computed by differentiating the
angular velocity.
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The general risk of injury Is calculated based on the OR values for the three
axes and the OR limit values. Different DR limit values are used for low, moderate and
high risk.

* R 2 + MayJ 2 JY; + I(Bt) 2J/ 4

where:

VAX. DAY and ORZ are the dynamic responses for the X, Y and Z axes.

DIXLL. D*L and ORZL are the X, Y and Z DR limit values.

0 is the Injury-risk criterion.

The computational methods described above are applied to analyze the measured
linear acceleration and angular velocitytime histories. Computational outputs include
time histories for the critical point acceleration, the angular acceleration, the
dynamic resronse (O) for ill three orthogonal axes, and the injury-risk criterion for
low, moderatc and high risk. The DR time histories are compared to the OR limit values
for low, moderate ead high risk to determine the degree of risk In each axis. The
Injury-risk criterion-time histories for low, moderate and high Hsi, can be evaluated
to determine the degree of risk for the whole body response. The escape system
occupant Is considered to have exceeded a specified injury-risk level if the
injury-risk criterion has a magnitude greater than one.

MODEL OEVELOPKENT AND EXPERIMENTAL VERIFICATION

The initial approach that was used to develop each dynamic response model varied
In accordance with the data that were available for the development effort. For the +Z
axis the existing ODI model was adopted. Data for the -Z axis were limited to the
results of experiments conducted by Shaw (5) and Schulman, at ta (18) and operational
experience with the 3-47, B-S2 and F-104 downward ejection seats. The results of the
tests conducted by Shaw and the operational ejection experience were used to estimate
the moderate risk-level. The data collected by Schulman, at al, were used to estimate
the high-risk level. Although the symptoms of Injury observed by Schulman, at el. were
indefinite, the restraint system was elaborate and provided more protection than would
be expected of a less encumiering restraint system that would be acceptable to
operational personnel. The measurements taken by Schulman, at al, Included
accelerations measured on the subjects and restraint forces. These data were used to
estimate the natural frequency and damping coefficient ratio of the model. The
frequency was slightly lower than the OKI model and the damping coefficient was nearly
identical; therefore, for simplicity the DRI model coefficients were initially adopted
for the -Z axis.

Initial estimates of the X-axis model properties ware derived from tests that
were not specifically designed for that purpose. The data that were used were
obtained from numerous repbrts of tests with volunteers published by the USAF, US
Navy, and US Department of Defense contractors. Thus, there was a wide disparity
between the experimental methods and measurements. For example, the time to peak
acceleration for the +X axis data were largely In the range of 0.02 to O.OS sec with a
few data points In the range of 0.008 to 0.01 sec. The data for the -X axis were
collected from tests where the time to peak acceleration ranged from 0.025 to 0.160
sac. Measurements of body relponse were limited In most of the experiments. In view
of these limitations, the data were first analyzed using the half-sinewave
approximation technique described in reference 31. The approach led to a model for the
-X axis with a natural frequency of 62.8 red/sec and a damping coefficient ratio of
0.2. Data -from +1 axis experiments did not provid, sufficient data to estimate these
coefficients with much accuracy; however, the model for the -X axis appeared to fit the
available data to a reAsonable degree as described in references 31 and 32.

Further confirmation of the -X axis molel coefficients was obtained by analysis
of the experimental data reported In reference 23. These data were analyzed using a
transfer-function technique. The transfer-function technique analyzes the dynamic
motion of the subject In the frequency domain. Tho motion of the subject In i seat is
modeled by a dyn -ic mechanical system consisting of a mass, spring and damper attached
to the seat. The seat acceleration Is the base acceleration of the dynamic system and
the acceleration of the subject is the mass acceleration of the system. The ratio of
the system mass acceleration to the base acceleration Is known as the transmissibility
since It represents the transmission of motion from the base tn the mass. A
mathematical equation for the tranamissibility can be derived by finding the Fourier
transform of the equation of motion of the spring-damper system (36). The peak
magnitude of the transmissibility is a function of the damping coefficient ratio and is
independent of the natural frequency. Consequently, the damping coefficient ratio can
be calculated from the peak magnitude of the transmissibility. The frequency where
the peak magnitude occurs Is a function of the damping coefficient ratio and the
natural frequency. It Is used to calculate the natural frequency.

The transfer-function analysis was performed on a set of data from 11 Impact
tests without dynamic preload. i.e., without acceleration prior to the primary impact
event (23). The tests were conducted using a half-sineweve acceleration profile

____________________________ __________________________
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produced by a horizontal accelerator. The Impact tests were accomplished at a level of
10 6 with in impact velocity of 9.3 I/sac and a time to peak acceleration of 0.0S3 sec.
The results of the transfer-function analysis of the upper torso acceleration indicated
a mean natural frequency of 64.5 rad/sec (S.D. - 0.70) and a mean damping coefficient
ratio of 0.26 (S.D. - 0.103).

Unfortunately, the results of the transfer-function analysis could not be relied
upon to provide an accurate estimate of the damping coefficient ratio. Since the time
to peak of the acceleration of the seat was 0.053 sec, the seat acceleration frequency
spectrum could not be expected to have sufficient energy at the primary resonance of
the upper torso to obtain maximum dynamic response at that frequency. Therefore, the
competed value of the damping coefficient patio could be higher than the actual value.
However, the damping coefficient ratio that was obtained was considered to be within a
reasonable range and was used for Initial analyses.

The high risk of injury levels for the X-axis models were developed for the most
part using the results of tests with human subjects conducted by Stapp (4,37) and
Seeding (38.39). The low-risk levels were developed by computing the response of the
X-exis model to acceleration conditions that are routinely used In research
laboratories without injury. Although the research efforts were conducted with
subjects who were carefully screened for pre-existing medical problems and were well
restrained, this approach was considered to be conservative, since the restraining
effects of the aerodynamic forces acting in the X axis were not present In most of the
experimental deta that were used.

Development of the Y-axis model proved to be the most difficult due to the
paucity of data. Only one set of available data collected with human subjects was
found to be suitable for transfer-function analysis. These data were collected during
impact tests to evaluate F/FB-11! crew restraint systems (40). The data set consisted
of 13 tests conducted at a deceleration level of 8 6 using a trapezoidal waveform with
an impact velocity of 8.84 i/sec. a time to peak acceleration of 0.022 sec and a
preload due to track friction of 0.25 G. The results of the transfer-function analysis
indicated a mean natural frequency of i8.0 rad/sec (S.D. - 1.7) with a mean damping
coefficient ratio of 0.07 (S.D. - 0.04). The accuracy of the damping coefficient ratio
Is higher in this analysis than in the analysis of the X-axis data since the time to
peak acceleration Is shorter with respect to the natural frequency of the model. The
relatively low damping coefficient ratio is probably due to the poor coupling between
the seat and the subject provided by the conventional restraint harness that was used.

Injury-risk levels for the Y axis could not be established with any confidence
since clear evidence of injury other than knee injury (40) and syncope (20) have not
been observed under laboratory conditions. The Injury-risk levels were judged on the
basis of existing expert opinions and available data (17,20,40,41). The OR limit
values that were established as a result of this Initial analysis are shown in Table 1.

Table 1. Initial OR Limit Values

acx)0 ac=€O C.L* S.F. " a,,>O ac2<0

Iw Risk 35 28 14 15 15.2 9

fcuate •isk 40 3S 17 20 18.0 12

Ilg Risk 46 46 22 30 22.8 15

where:

acx is the X axis component of the acceleration acting at the critical point.

acz is the Z axis component of the acceleration acting at the critical point.

-The column of limits values designated C.R. should be used if conventional
restraint such as a lap belt, two shoulder straps, and crotch strap restrains the seat
occupant.

"*The column of limit values designated S.P. are permitted If side panels or
equivalent structures are used to prevent sideward movement of the seat occupant
including the occupant's head.

EXPERIMENTATION TO DEVELOP DYNAMIC RESPONSE MODELS

Available data from impact tests with human subjects provide some indication
that the Impact response of the human body with conventional restraint systems may be
non-linear to a degree that would make attempts to use linear models to depict human
response a questionable approach. Likely sources of the non-linearities Include
restraint slackness, the initial low stiffness of body soft tissues and restraint
materials, and the effects of muscle tonus at low acceleration levels. The use of a
limited set of impact test conditions and linear systems analysis methods, such as the
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transfer-functlon techniques or transient mechanical impedance techniques, can lead one
to Inaccurate conclusions. Therefore, a more comprehensive series of impact
experiments was designed to measure the response characteristics of the human body with
conventional restraint systems. The experimental designs were developed to explore a
broad range of acceleration-time profiles, acceleration levels, and acceleration vector
directions.

The first series of experiuea.s were accomplished by the Armstreog Aerospace
Medical Research Laboratory (AAMRL) to measure human response to impact In the -X axis
(42). The tests were performed on a horizontal accelerator using six, half-sinewave
impact profiles. The experimental conditions are summarized in Table Ii .

Thirteen volunteer subjects representing a broad range of sizes and weights
participated In the test program and were exposed In random order to the Impact
conditions. The subjects were Impacted in a seated position with a seat-beck angle of
13 degrees aft of vertical. The subjects were restrained by two shoulder straps, a lap
belt and crotch strep with a configuration geometry In accordance with current design
practice (43). The data collected during the experiments included seat acceleration and
forces, linear and angular accelerations of the head from transducers held to the
subject's teeth, linear end angular acceleration of the chest from transducers mounted
over the sternum, linear acceleration over the aid-thoracic spine, restraint-tiedown
forces, acceleration over the lower-lumbar spine, subjective comments, and body segment
motion. Means and standard deviations for selected data are shown In Table 111. The
restraint forces that are given In Table III are resultant values.

Table 11. Conditions for -X Axis Tests

t Co11 A lt 32 C D a

n 12 12 10 13 10 10

Seet Acceleration (0) wean -10.97 -10.92 -10.31 -10.33 -10.39 -10.05
S.D. 0.21 0.16 0.06 0.46 0.20 0.13

Tium to Peek 0 (Sec) Jan 0.017 0.021 0.029 0.030 0.06S 0.117
S.D. 0.001 0.001 0.001 0.003 0.004 C.003

tlee Duration (Sec) HMn 0.027 0.046 0.061 0.079 0.130 0.245
S.D. 0.001 0.001 0.001 0.001 0.001 0.004

%elocity hmngp (,N4ec) Mern 1.46 2.49 3.92 5.02 9.74 15.32
S.D. 0.01 0.02 0.02 0.05 0.13 0.10

Table 111. Summary of Data from -X Axis Impact Tests

Test C All A 21 22 C 0 2

n 12 12 10 13 10 10

Acceleration at Steran (O-) Noon -5.90 -10.00 -14.49 -15.67 -14.16 -9.66

S.D 0.73 0.94 1.63 2.01 1.79 1.10

Nid-Voradc Acceleration ((k) now -6.72 -11.37 -17.42 -19.4 -19.70 -12.04

S.D 1.10 1.26 1.67 2.92, 3.07 1.60

Acceleration at L-4 ((k) Mut -4.916 -13.17 -19.27 -10.61 -16.96 -11.0S
S.D 1.63 1.57 2.69 2.21 1.31 0.65

Bund Acolerstio (C) Mean -4.65 -8.02 -13.30 -15.43 -16.99 -IS.52
S.D. 0.93 1.75 4.41 0.16 3.U1 3.13

Shouldet Barnwes rovce (N) YeAn 1014 2073 3207 3309 3 3776
S.D. 247 297 512 641 300 663

Sight Lap Belt Force (W) warn 1330 2660 4341 4470 4366 2996

S.D. 219 3S5 426 507 627

left Lap Belt fortc (N) Mean 1312 2656 4448 4515 4390 3100
S.D. 185 335 390 543 645

crotch Strop rore (N) PIr 287" 503 569 443 023 783
S.D. 120 18S 196 302 264 250

Seat x--xie rorce (N) Non -974 -106 -1201 -1134 -106 -

8.0. 113 201 103 351 221 163

Beet 5-Aisn force (s) Mean 3492 5631 776 111671 073 5854
S.D. 120 694 1123 1245 1397 8S4



Figure 3 shows the relationship between ihe measured data and the response
characteristics of the dynamic model developed from these data. The points encircled
In Figure 3 are the mean ratios of resultant chest acceleration and the z axis
acceleration of the seat for each test test condition measured at the sternum.
Standard deviations about the means are indicated by crosses above and below the means.
The curve that is shown iS the relationship between amplitude of the response of a
dynami model and the acceleration duration of half-sinewave acceleration profiles with
a constant peak acceleration. The model has a natural frequency of 56 red/sec and a
damping coefficient ratio of 0.04. The initial estimate of the natural frequency of
the model was derived by transfer-function analysis and then adjusted to provide a
better fit to the mean values. The damping coefficient ratio was derived by fitting
the response curve to the mean acceleration values in the acceleratiofl-duration range
of 0.085 to 0.150 sec. The relatively poor fit of the model to the values at the
acceleration durations of 0.027 and 0.046 set was accepted as due to the relative
ineffectiveness of the restraint geometry and soft-tissue deformation. Similar dynamic
response characteristics were seen in the chest response measured over the mid-thoracic
spine although additional amplification of about 20 per cent was observed due to the
dynamic response of the thoracic volume. The response of the head and neck also
reflected the Influence of the frequency response of the upper torso at the shorter
impact durations as well as the lower frequency response of the head/neck seen in the
data reported by Ewing (24) at the longer durations. Restraint-tiedown forces also
reflected the influence of the dynamic response characteristic of the torso. The
severity of the impacts as indicated by subjective response questionnaires correlated
well with the amplitude of the measured acceleration and forces.
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+
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Figure 3. Ratios of Resultant Chest Acceleration and Seat Acceleration for Each
-X Axis Impact Test.

The most recent series of experiments conducted to refine the dynamic response
models was conducted to measure the human response to impact in the -Z axii (44).
These tests were also performed on a horizontal accelerator using six, half-sinewave
impact profiles. The test conditions are summarized in Table IV. Twelve volunteers
participated in the tests. Eight to 12 subjects were restrained in a sehted position
using two shoulder straps, a lap belt with crotch strap, and leg straps. The seat
back was parallel to the acceleration vector. The subjects grasped two ejection-
Initiation handles that were instrumented to measure tension forces. The measurements
also included seat acceleration and forces, restraint-tiedown forces, nead and chest
linear and angular accelerations, subjective comments, and body segmergt motion.

Means and standard deviations for the primary measuremerts are given in Table V.
Acceleration measured on the head and chest reached maximum values tihen the
acceleration profile duration was 0.082 sec. The head and chest accelerations were
less than the seat accelerations when the acceleration profile duration was 0.030 sec.

Figure 4 shows mean ratios of the resultant chest acceleration and seat
acceleration for each test condition. Corresponding standard deviations are also
plotted about the mean values. The curve shown in Figure 4 is the response of a
dynamic model to half-sinewave acceleration profiles with a constant peak acceleration
level. The natural frequency of the model that best fits the lita Is 47.1 red/sec with
a damping coefficient ratio of 0.24. The natural frequency and the Initial estimate of
the damping coefficient ratio were derived by transfer-functijn analysis.



Table IV. Conditions for -Z Axis Impact Tests

Tet C91 L N 0 p 9

S 11 12 U 10 0 12

Seat Acceleration (0) NOM -10.41 -12.3 -11.43 -10.0 -10.1S -10.26
S.D 0.09 0.1S 0.16 0.06 0.06 0.07

Tim to leek a (see) UnM 0.017 0.036 0.038 0.063 0.105 0.114
0.D 0.001 0.005 0.001 0.061 0.007 0.001

1u1 vusti (Sc) YAW 0.033 0.065 0.065 0.1 0.3 .
S.D 0.001 0.001 0.0 0.001 0.004 0.001

1ocity M(uc) Ma 1.47 3.97 4.96 . 12.21 1.40
5.0 0.02 0.04 0.05 0.04 0.09 0.07

Table V. Summary of Data From -Z Axis Tests

et0C11 L. x N 0 P Q

IS U 12 11 1 8 12

ccjlermt.ion at Sternum (GO) Mn -7.02 -12.76 -13.50 -13.67 -12.54 -10.00
S.D 1.47, 2.12 1.06 1.60 2.18 0.

aed Accleartion (r.) NOW -6.6A5 -17.23 -1S.54 -16.46 -15.46 -12.33
S.D. 0.69 1.15 1.64 1.56 1.39 1.39

MSolder rnrw Focce (N) YmA WI 2006 211M 216 2336 1962
S.D. 165 449 477 466 S03 370

Right Lap Balt Matie (N) iMO 1190 3017 3319 344"7 304 2510
S.D. 160 402 31.6 243 3MA 262

,eft Lap Dolt Fowce (N) ,A- 1121 3078 3267 3418 30 252
S.D. 150 404 210 314 442 265

Croth strap fore (N) M 460 1862 2001 20M2 1747 1439
S.D. 241. 741 731 673 712 517

Right Log aestraint Vorce(N) Mea 627 1074 1046 102 962 646
S.D. 93 227 195 1.3 115 116

Ieft log Restraint ro1 (N) nown 617 1043 1026 1004 926 636
S.D. 84 165 16S 163 122 119

light Rnedle Fore (M) m 33 559 522 59 644 531
S.D. 99 165 123 144 131 137

raft aminle Force (N) Men 3S3 571 657 745 629 67M
S.D. " 125 163 206 180 163

A two-degree-of-freedom model was used to study the response of the head. The
best fit, which Is shown In Figure S, was obtained with both the lower degree of
freedom and upper degree of freedom having natural frquvncies of 47.1 red/sec and
damping coefficient ratios of 0.24. The ratio of the mass of the upper degree ,0f
freedom to the mass of the lower degree of freedom is 0.3.

As in the case of the study of the human response to -1 axis acceleration, the
restraint-tiedown forces also reflected the response of the torso to the Impact
conditions.

Since the model coefficients found from the -Z axis Impact tests are somewhat
different than the OR? model coefficients used in the initlil dynawic response model
for the -Z axis, new DR limit values were computed. The low-risk limit was computed
from the test results using a single-degree-of-freedom model. This value is 13.4. A
moderate-risk value of 16.5 was computed using the maximum allowable acceleration
condition of MIL-S-94798. A high-risk value of 20.4 was compated using the worst-case
impact condition tested with volunteers by Schulman, at al. The resulting
acceleration exposure limit curves for hmlf-sinawave acceleration profiles is shown in
Figure 6.
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Figure 4. Ratios of Resultant Chest Acceleration and Seat Acceleration for Each
-Z Axis Impact Test.
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Figure S. Comparison of the Response of a Two-Degree-of-Freedom Model to
Experimental Measurements of Head Acceleration.

DISCUSSION

The experiments that have been conducted by the AAMRL to measure human body
Impact response over a broad range of acceleration conditions have shown that linear
system approximations of the measured data are reasonable. The acceleration
attenuation expected in the short-duration acceleration regime is seen In the
experimental results as well as the amplification of the response that was expected at
the resonant frequency. Subjective estimates of the relative severity of the impact
conditions were found to generally correspond to the measurement of body accelerations.
The experimental results tended to also confirm earlier estimates of the natural
frequency of the whole body response. Stech and Payne estimated that the primary
resonance affecting human tolerance to impact in the -X axis was 60.8 red/sec with a
damping coefficient of 0.23 (11). However, these estimates had been based upon limited
observations over a relatively narrow range of acceleration-time histo-ies, and the
attenuation of the human response for short-duration profiles had not been clearly
demonstrated with human subjects.
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Figure 6. Exposure Limit Curves for Half-sinewave Acceleration In the -Z Axis..

The experimental results of the tests of humans in the -X axis showed a small
difference between the Initial estimate of the natural frequency affecting whole-body
tolerance and the experimentally determined value. 62.8 versus 56.0 rad/sec
respectively. The difference between the Initial estimate of the damping coefficient
ratio and the expei-mental result Is more significant. 0.2 versus 0.04, and suggests
that the original computations to estimate the injury-risk levels should be
reaccomplished. This work Is In progress using additional data recently recovered from
experiments conducted using the Daisy Track impact facility at Holloman Air Force Base.

The experimental results from the -Z axis tests show a similarly small difference
between the natural frequency Initially estimated and that experimentally derived. 52.9
red/sec vertus 47.1 red/sec. but this difference also has little practical effect. The
difference between the damping coefficient ratio originally assumed for the Z-axis,
0.224. and the experimentally demonstrated value, 0.24. are within the experimental
error. The most important result of the test results, for the -Z axis Is that they
provide a firmer data base for the dynamic response model, which In turn provide a
method to revise earlier estimates of the Injury-risk levels.

Additional experimental efforts are currently being planned to investigate human
body response to impact In the Y axis. These efforts will include tests with
conventional restraint harnesses and full-body support panels since the body support
and restraint configuration will have a large effect on the model properties.

The primary emphasis of the experimental efforts conducted recently In the United
States has been on measuring the human response to Impact vectors along the three
orthogonal axes. However, research is now being focused on the effects of Impact
vectors In other axes. Experiments recently accomplished at the AANRL by Perry and
Brinkley have investigated the effects of short-duration acceleration directed In the
+Z axis and in axes 10, S. -5 and -10 degrees off of the Z axis in the mid-sagittal
plans. These experiments have not shown significant changes in the frequency response
of the volunteer subjects as a function of these angles at acceleration levels up to 10
6.

Future analytical efforts will be focused on developing methods to include the
effects of both Inertial and aerodynamic forces on occupants of ejection seats. Rather
simplistic analyses have shown that the aerodynamic forces acting on on ejection seat
occupant during ejection may have beneficial effects as well as adverse effects such as
limb flail. For example, the aerodynamic drag force acting on the occupant's helmet
during deceleration of the seat and its occupant may effectively restrain the
occupant's head and neck from otherwise violent forward notion. However, if the seat
yaws excessively during acceleration the aerodynamic forces may cause an adverse effect
since the head will be driven off the headrest by the aerodynamic forces. These types
of effects cannot be quantitatively evaluated using existing analytical approaches
since the aerodynamic flow field is incompletely defined, but it Is known that It is
not uniform (46).

The practicality and effectiveness of using the exposure limit method that has
been described within this paper Is now being evaluated within the laboratory and also
within escape system development programs. It has been used to analytically evaluate
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the effects of seat occupant weight on the performance of the ACES 11 ejection seat and
to evaluate the test data from ejection tests of several escape systems. The method
has also been used throughout the development of the Crew Escape Technologies ejection
seat demonstrator and in the exploratory of several hypervelocity escape system
concepts. This combination of laboratory, field test, and contractor use has been
critical to the continued development and improvement of the method. This interactive
process has also been vital to prioritizing the laboratory experimental efforts and
adjusting the escape system test methods.
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Ld4volution des conditions d'djoction des pilot.. d'avions do combat
amino I onvisagor 1. domains grand. vitesso. baseso altitude come une probabiliti
no~j nigligoable. Si lee probl~ses lids au scuffl 10adrodyrnamiqizo et h la stabilisation
du au~g. constituent lea factours les plus pdnalisants, ii pout 6galoment exisetr
un risque traumatique U4i A l'ouverture du parachute.

On* dftude portant sur do. tire do conpatibilitA du siiige KK 10 avoc
diffirents avions do combat a 6t6 rialiade sur des essais au rail dynamique. Les
rsoultats montrent uno augmentation importante des accilirations + Gx enreqistrdes
I Ilouverture do parachute principal.

L'anslyse bioodcanique du choc met on dvidenco 1* r6lo des diffirentes
phases do icouverture. Ce. donnies amednent A envisager Is problime do 1& normalisation
at des crit~ires utilisables.

1. - IVTBODUCTION

Les conditions do combat d~un avian tactique moderns l~aminent & 6voluer
do manu~re prolongi. ot rdpdtdo en tr~s baseso altitude & grande vitesse. L'introducticri
des syst~wes do gizidago inertiel at do suivi do terrain automatique a permis de rendre
co typo dd6volotions parfaitement opdrationnol on toutes circonstances. Toutefois,
done ces conditions, Ia probabilitd d'avoir & tenter une Ajoction au coors d~uno mission
do combat *at loin di&tro ndgligeable.

Avec les siioges modernes munis do fusios, lea risque. des 6jections
qrand* vitoesoe no risident gdie~aleisont plus so niveau do l'impact &v~c len structures
do lavion. La passage do Ia ddrivo ect assur6 largement, mime A Ilextrime limite
do domains. En revanche, lee effete du souffle adrodynamique ot les problines lids
&I&isatabilit4 do si~qj. pendant is phase ballistiquo ant largomont &tA ivoquds. Ces
demre.ro anndes, d~impcrtants efforts tochnologiquos ant 4t& rialisis done ce domains..
Ila ant conduit A is *is* on oeuvre de concepts do protection qui, sans regler
difinitivoment taos lea problimes, aadliorent notabloment los chances do survie du
pilots lore des djections grand. viteseo basso altitude.

Llimportanco des aspects lihs au souffle adrodynastique on mati~re do
risque traumatique i l'4jection contribue sans douto A masquer un risque paurtant
claseique, celui du chac A couvorture do is voilure principalo. Co risquo a 4t6 recanno
do langrue date a icrigine do traumatismos mortels lore do liJection.

Si l'ano considdre lo vast:, domaino d'emploi des voilures do si~ge
ijectable. do edro-zdro jusqu'A 60 0 It aot mme plus, ci canqoit bion quo Ilcptimisation
des carastrirutiques d'ouverture neet pa. chose sist.. Ces voilures cant donc
obligatoiromont Is fruit do compromis. En rdglo gindrale, oIles so gonf lent tr~a
rapidemont, on one at dou-x secandes, perfottant un fanctionnoment correct en tautes
circonstoncee. Lors des 6joctions on grando viteoso, ces caractiristiques ant amend
A constater des chocs A louverture d'intonsitir trim 6levie lore do tire do sidgo

NI10.

2.- ETHODES

Depois do nombreusos annie., I. Service Technique des Programmes
A~bronautiquoo 6quips loa evion. do combat franqais do si~gos britanniquos Martin-Baker.
can aug056 sont fabriqude soos licence on France par la ShOWB. L~e Contre d'Essais
en Vol apour mission dseffectuor des tire do compatibilit4 avoc los aranefs sour
leequels soront mantis ce. 6quipoments. La plupart do can tire scat effectuds sor
1. rail dynomiquo do Centre d'Essais does Landes.



2-2

* 2.1. -Le rail dynaraique

* Ca rail a uno longlueur totals da 2000 a.

One maquette de Ia partie avant du fuselage de i'ahronef testA eat montde
sur des patine adapida au rail. Cette maquette abrite Is syatime de sauvetage et lea
installations de assure. Rile aupporte leas efforts dus I iscc~l~ration des v~hicules
pousseurs-freineurs. Ceux-ci sont conatituds par is vdhiculp pousseur-treineur GECKO
pour Ia poussade et Ia stabilisation en viteasa, 4quip6 de. deux augeta de freinage
hydrodynamique et des 4tages additionnels de pousade qui so cr itilisds salon Is type
de lessai.

2.2. - Moyena de assure at d~observation

Las assurea sont assurdes par deux installations de thldmesure embargudea.

La premi~re sat inatallde A larrii~re do fuselage dens on caisson fix6
sur Is vdhicule poussaur. Cetta installation a pour but

- de ddterminar Ia cindeatique du vdhicule

- d~apprdcier Ilenvironnement vibratoire c..i's lea directions verticals
et transver~ale

- da tranaaettreaen redondance un 'top' de synchronisation avec la aise
A tao du siageI

- do assurer lox accdlhrations Luivant Ias trois axes au point d'attache
sopdrieurs do siaga.

La seconds eat situde dans le mannequin. Rile enregistre las param~tres
do fvictionnement du si,4ge sinai qua lea accdldrations au niveau du thorax du mannequin
xuivant lee trois axes X, Y, Z.

Las inoyens do mesure optique se ddcomposent an diffirentes fonctions,
observation gdndrale, observation particuli~re, observation depuis le vdhicule et
ant in trajectographie. Las caractdristiques de ces mcyesn sont r~sumdes au tableau

2.3. - Mannequin

Las mannequins utilistis sont du type ALDERSON VIP 50. rrois tailles
diffdrentes sent utiliades salon leas essais, 98 percentile, 50 percentile at 3
percentile.

3. - RESULrA'rS

LdAtuda Porte sur 30 tirs de compatiblit6 du si-Ige ME 10 rdslisds entre
1979 et 1988 A l'occasion de diffdrents programmes adronautiques (Mirage ?I CR, Mirage
Fl 9, Mirage 2000, Ratala, Alpha-jet). Lea viteassa d~djections sd~tendaient de 587,8
ERAS (302,4 mi's) A 61 KEAS (31,4 rn/s). La choc A l'ouverture de Ia voilurs principals
a pu Stre analysA dans 27 can.

Avant do considdrer lea rdaultats dlensemble, il convient d~iliustrsr
llintensit6 do choc en grands vitesse avec on example prdcis.

3.1. - Prdsentation d'un tir

La trac6 nrdAent6 I& figure 1 a 6(t6 enregistr6 A Ilocccasion d~un
tir rdalisA A 578 Eta. On paut observer gus llaccdldration Gz maximale eat largement
supdrieure A 25 G (saturation do capteur accdidromdtriqus) pendant one durde qui exc~de
100 mas.

Coinpte tano des donndes existantes dans is littdrature at bien qulil
soit parfois hasardeux d'extrapoler A i'homme lea rdsultats obtenus avec on mannequin,
on pout penser que is risque fraumatique dana ce cas aurait 4t4 particuli,%remant sdv~ra.

Ii sat dgalement intdrsssant de considdrer lee param~traa ddtailldA
do cc tir, prdsentds Pu tableau II. On observe gue I& vitessa sur trajectoire du sia~ga
au moment do ddverrouillage retard4 eat relativement 4levie (132 m/s) par rapport
A Ia mayenne (environ 120 rn/g). Ceci tdmoigne d~un travail insuffisant do parachute
stabilisateur. O'autre pi~rt, Ia durde d'ouverture du parachute (ODlai entra is
tonctionnement du rndcanisme de ddvorrouillage retard6 et premier grand diamr~tre de
Ia voile, eat trbs br~ve (610 ma, 350 entre Ia tension des auspentas at 1. grand
diam~tre). En guelque sorts, Ia voilure slest *trop bien ouvsrte*.

Ccci rnot~tre bian, que pour une diection techniquement rdussic, do*
variations miniinas dans lea parametres critiques pauvent entralner des chocs &
l1ouverture sdvairea, ausceptibles d'entratner aux m~mea des biessursa graves,
6ventuellem-ent Ia mort du pilots.
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3.2. -Velours soyannes

Le tableau III prdsente lee valourn noyennes des accdldrations Gz relavdoL
* &louverture pour trois classes de vitess. d'4jection (supdrieure it 450 KRAS, -aintr

450 at 150 KEAS, infdrioure 1 150 KEAS).

Si Von consid~ro lam durda. d'accdldrations supdrieuraa 1 100 as, pour
lea diactions & granda vites.., on observe quo lee valours cayentnes d'accdldrations
+ GOs ont largeamnt supdrioures h calico ohtenues avoc lea vitesses plun foibles.
Los velours relovdoes pour l& classs 150 - 450 KEAS soat poýur lour part relativement
proches do ce qui rdsulte do l'utilisation do parachutes clessiquas (sportifs ou
inilitaires). Iqotons toutefois quo I& plupart des tirs A grando vitessa oat it& rdalisils
avec dos aennoquina 98 percentile, alor quo beaucoup do tir & foible vitaes. ant
utiliod des mannequins & 50 ou 3 percentile.

rAs velours inaximales observdos en pic at lea velours relcvdes & Is
tension dos suspentas accroissent .oncore lea diffdrences antre lea tirs grand. vitesse
at lee daux eutras classes.

La r~glanientation franqaiso sur Ilintensit4 inaxinal* adwissib).o du chac
A louver'turo prdvoit une linL'ts do 12 G. Cotta r~glesintation eat, bion sOr, uniqueainat
appliqud. aux parachutes militairos at sportif3 at sux vailurec do sauvotage classiqucs.
Cotte norms, dAJ& trhs criticable doen ce cadre me riv~le donc totalesent inadaptde
eu probli~aa du choc I llouverture lore des 4jections. Ccci mAdna & poswr u&3 question:
Psut-il at set-il possible de nonisaliser lea chocs A Ilouvartura des voilures do sib~ge
djactablo 7

4. - NORNALI SATION DES ClIOCS DE L OUVERTURE DES PARACHIUTES.

Avant d'abordar cetta discussion. il permit opportun dleffectuer un
braf rappel our isnaslysa biomdcaniqua dos Af fat. du choc A l'auverture.

4.1. Analyse biom~caniqua du choc A Vouvartura

rl exista relativement peu de donnhqe expdrimentalem prdcisae sur leas
chocs A Vc'uvarture des parachutea lore des 6jections. En revanche do nombreux travaux
so on attachds A prdciser 1& direction at lamplituds des accildratioas subics per
des pa'rachutist.. *itilisant des parachutes milttaires ou sportits.

Divorses approchas oxpdrimeatalos oat 6t4 tcnties, on perticullar par
CA"L at coil. aiasi qua per REID (2,7). Los rdsultato obtanum lors do cas itudea ont
permis do pr~cisor lasj notions d'accdgldration cubic. par Is perschutistc lors do
l'ouvertura. En utilisant une technique de t~limesura pendant Ia saut. leas signaux
do jaiges do contrainte. at dlaccdldtomobtras lindaires, placds salon lea trois axes
du corps au niveau du thorax, ont pu Atra anreqistrda pour diE idrents sujets at
plusiour. types do parachutes. Les rioultats obtonumsocntrant quo Is velcur moyenni3
du pic dsaccdldrstion + Gz atteint 7.4 G, evec una tris grand. variabilit6 (de 2,7
h 15 + Go,. La valour soyenna do pica dlacc&ldration trar.sversc Gx 6tait do- 6.8 Gx
avoc des valour. extrimes da 2.7 A 14 Gx.

L'analyse ddtaillde des forcas qui scexarcent, surtout au niveau du
rachis du parachutists, constitue uno ddmarcha essontielle pour comprandre lea of fete
dUo choc & llouverturc.

Los forces crines par 1. dAdvoloppoment do la voilure moat transuisas
su niveau da la jonction 614vateura-harnais qui so truuvoo pour l& plupert des
parachutsts en service, ontro l& base du cou at la jonction acroimio-clavicula ire. Pour
ca qui concerne I. rachis, on constate doac qua l~axe joignant los raccordeftcats de
Ia voilurs sur Is harnais paise trhs prbs do 1a charni~lre cervicodorsale.

Lors do I'ouvarture du parachute, deux dvkaements Coat A coasiddrer

- D'un c~t4 de l~axa pr~c~domment ddfini, leas forces d~inertie slexercant
our I'ansentble tlta-colonne cervicaie par rar~port au thorax font apparaltrc un couple
qui entrains unt, hyporfie~xion de la taeto our Ia thorax.

- Le thorax at Ie bassin du perachutists mont, on quelquo torte,
onveloppd. per Is harnais du parachute. En raisonnant en termas d~inartia, lea forces
slappliquant per llinterst~d~iira des adagles basses du harnaia, cuisssrdes at fassL&re,
vont Isattra Is rachi. dorsal at loebuireoan compression. Loeffet oct donc celui des
accdldrations + Gz, comparable par example au ddpart du si~ae djactable.

Parall~lement & cat aspect biomicanique, leg observations do traumatologie
du choc & Vouverture, bien qua nelativemaat rares, alalnont A considdrer deux typos
do lduions di3tinctes lea ldsioas de Ia colonna cervicala at lee fractures du rachis
dorsal au niveau da 08-D9. 1l sW~em' donc logqicue de corraler lea aspects biondcanique

*at traumhtologiquc.
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Deem pointa coat h souligner

- Dane taus lea cam, 1dtat do Ia muaculature paravertdbrate, contraction
on relaxation, somble jouer un r~le important done Vapparition do l4sions.

- Pour ce qui concerns lea d6jections do pilotes d'avions do combat,un
facteur oggravant nouveau apparait au niveau du rachia cervical, avec Ilutilication
de dispositi fs optroniques montdc cur le casque. Ceux-ci, *n augmontant ls mease du
*yet&" tate CCU at, Aventuollement, an ddplagant 1. centre dlinartie do la t~te,

eant contribuer A La crdation do couples encore plus importants.

Czate tong des rdaultats expdrimentaux obtenus lor. des 46jections grande.
viteseee on doit alora concid~rer que le risque trawmatique aui niveau du rachic
cervical canctitue dans coo conditions un tactaur trk~s pdnalicant Pour la r4ussite
do id4jection. Encore faudrait-il disposer do crit~rec prdcis peruottant d'Avcluer
c. ricque avec certitude.

4.2. - Crit~ree do ldcion at norualication

Le prdalable I toute ddmarcha do normalisation *act d'Ata~blir dec crit~rec
do ldaioca Liablec. Dan* ce domain.. de nombreux: travaux ant AtA riaiicdc, en
particialiar pour ce gui concern* la trausatologie does accidents datatomobile.

Toutefois. lea diffdrentc critbroc ddfunis dana cec conditions no cont
pac forodment applicablec directomont au probl~mo dui choc A I' ouverturo.

A 11houre actuollo. pour ce qui concerns lea parachutes d'une mani~re
9dndraie, la proaddure d~homoogation comport* uno sArie de lancers mannequinsaet
does auts humaina.

Fermi lea crit~rea retenus dens la norm. existent en France, il oat
spdcifi& que Veffort maximm A l'ouverture, moour& eau niveati des '414vateurs, no doit
pas ddpassor 1200 daN. Avec uno masce suapondue de 100 kg, cola correspond
approximativemont & tin pic dlaccdld4ration do 12 G. Toutofoic, la normo no spdcifie
aucun critbre tamporal associd A la notion d'intensitA.

Lldlaboartion d'une norm. plus "compridhensive* implique donc en premtier
lieu l'intdgration du param~tro tempo aux crit~res do jugement. 11 Oct en of fet bien
dtabli depuic lea nombreux travaux mendc 1i la suite do STAFF que des accildrations
bian plus 6levdes quo 12 G peuvent Stre supportden cane dammage par lorqaniseie humain
lk condition d'aveir des durdec tr~s br~voc. Par cantra, dl. quo la durie d'applicatian
augments, lintensitt told~rable ddcrait trls rapidement ' co qui conctitue tin. donnde
trlc classiquo. On. excellonto revue do co probllmo a 4tA rdalisde Par SNYDER (8).

Le probllmo consisto donc A ddtorminor, d'aprL~s lea diffdrentec caurbos
do toldrance Atablioc on fonction du temps, tin. envoloppo du choc A Vouverturo maximal
supportable sans dammage par V organism. humain. Cetto enveloppe devrait prondro en
coopta non ceulosent l'intonsit6 dos accdldrationsae' lour durmb, maic aussi la notionn
do jolt (ddrivio do lacccdldration). De plus, uný: toll. enveolppe devrait 6galement
couvrpir lea doux aspects Avoqudc pour is biadynamique du chac A l ouverture avec lea
contraintes au nivoati du rachis cervical et dorsal.

On pout donc conciddror aiskmont quo 1'dtablissement d'une norm. rdpondant

!.can critiroc eat reictivomont ccewploxe. De nombreux auteursaet on particulior EWIN4G,
a. cant attachds At dfinir l~e linitos do toidrance do l~ensesble tlste-coti pour lea
accdlrations Gx (3,4). Certain.. 6tudes (2) ant m~jso prdcisd is rdponco do la tAte

bar. dec auvortures do parachutes. Touteofis, ltinterprdtation et is transpocition
do sea donndoc en vije do idl1aboration d~un. norms rocte difficibo.

La moddlication math~matiquo do la dynamiquo des segments corporals
cotimic I des accdldrations complexos constituent sans aucun daute un. approche
intdroesante. RUSTON et KANMAN ont appliqud do tels modilies aui choc A l'ouverture
des parachutes (5). On. tollo approcho, coupide A la moddlisation du choc A Vouverture
colon lec caractdrirtiques du parachute (6), pout amoner wi jour nouveau stir Io
problAlmo.

Touteoaisc re mad~les cant essentielioment doscriptifs et uls no
pourraiont Aventueliement rdpondre qu' tin. partio du prabidme. Ilie faurniessnt
cependant tin outib prdcieux, car is mactire direct. do dannbec biostdcaniques, stir ctijet
humain iors d'un caut r~al, prdcente do edrietices contraintes at Oct difficilement
applicable en routino.

Le prabilme do la reprdcentativit6 des mannequins pour lee 4tudec du
choc AL lativerturo a At4 abordd ii y a quelques anndec par BALDOCK (1). Stir ce point,
ii faut notor los efforts rdalisdc pour doter lea mannequins anthropomarphiques d~une
plus grand. reprdcentativit4. on particulier vic & via des accdldrations + Gz.

Zn ddpit de tous cec didmente, ii faut bion reonnaltre qulil n~exicto
pac do norms simplo, do mis. en oeuvre facilo, susceptible dlAtre uiiversellement
accoptda, qui puisco A l'hetire actuelle slappliquer au choc: A Iouverture des
parachutes.
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La nornsliaation du choc l'ouverturo do parachute eat un 414mant
indispensable pour lhomologation des voilures sportives at militaizes. Pour ce qui
concern* las parachutes do sauvotage at plus encore lea voilures do ai~ge 4Jectablo
dana lea conditions granda vitessa at basso altitude, on pout sainterrogor our 1.
bien-fondA d'une tells ddarcheo.

La aose an oeuvre do ces voilures correspond I des situations
*xceptionnelles ou do touts faeon la vie du pilots eat on Jou dIs 1. ddpart. Compte
tanu do Is multiplicitA des factours d'agression, coci apparalt particulilrement vrai
pour lea 4jections an limit* do domain*.

II faut toutefois considdrar qua lss diffirantes phasae da l'djection
constituent une chains at qu'une 4jction nost totaloment r4ussie quo loraque Il
pilots eat au aol, sane prdsenter do 1Usion traumatique.

Lee rdsultatn obtonus lore des tirn do compatibilit& an grande vitessa
montrent qua do faibles variations sont suiceptibles d'entrainer des chocs I l'ouvarture
difficilement supportables par lorganis"e. Dana cas conditions Is fait d'avoir un
objoctif prlcis et rsisonnable do limitation de choc A louvarture constitue un 41iment
qui no pant quo coantribuer I I rdussite des 4jections.

CO1CLUSIOW8

Los djections grands vitosse an basso altitude demeurent des situations
ou 1. risque traumatiqu osot important. Las r4sultats oxorimentaux obtenus montrent
qu.& cdtd des agressions classiques (propulsion du slge, souffle airodynasique),
1. choc & louverturs de Is voilure principal, eat hautement susceptible d'etre A
l'origino do traumatiames graves, voire mortels.

11 semble ndcessaire de prdciser lee limites do tolrance du corps humain
at en particulier du rachis cervical, vis-&-vis de co type d'agression. Cette ddmarche
devrait pearettre d'6tablir uno norm* do rdfdronce pour lea chocs I l'ouverture des
parachutes.

II apparait en tout cas souhaitabla qua is prdvention de chocs
louverture excessivement 41lvl s soit examinee avec attention par lea conitructeurs
de silges. A cat 6gard. Isa L.rogris rdcement introduits dens I& stabilisation dea
silges 4jectables constituent inddniablement un aspect positif dana ca sans.
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MOVENS DE MESURE OPTIQUJE

Oftbiom N*,bm Tpy" Cadence Focam PacNa do Is
de do deft" Conics Par rapport

Camlra @/,ra mi) e n) @Uam a

Obom'allos 5 21 400 $00 3/4 hrtk
Gifliraw 25 400 30 3/4 Avsd

14So Sa as Iraw
Is Igo 75 d4mchon

Obermve"s 7 35 low0 Igo p.,panme

I Ss 100 10ow Doma ome du ral

OI..rvslon 2 is 300 3, am Podas
depuis b
Vdhlea. I Is ma 5 bduns

TrIcmupa 2 chil VC 20 sa 3/4 AM~re 0t Avant

2 35 100 so 3/4 AffkAm fAvmni

TABLEAU 34 1 s 3!itE D9 )3SUR OPTIU MThI8SU AV RAIL D'L71CTZOU DYREMQU.

TIR MK 10 578 KEAS
G

31

Fiture 34 1 i TracAdo dsecd1rstiona + Cc meaurdes aun ivean-do thorax.

do surnmqols loco do 1'ouverture du parachute.
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IRn SIEGE MK.1O

VITESSE D'EJECTION 578 KEAS

AMANEMUN UpoxCExN.

M1A"SS 105,kg

ManE OUVEIRTUR 6100"s

DURE! GONFLEMENT DE VOILURE 360 ws

WIESEE AUl MDR 132./8

WrTESSE A LA TENSION SUSPENTE 1140r/S

Ga A LATENSWN SUSENTE =aG / 22..

Ga MAX: A LOUVERTUE > 250 psndu" 200nme

VITESSE SUN TRAJECTOIRE 2MOO/
AU GARAD V"AMTNE

TANLKAV X* 2 1 Caractdristiques ddtaillies du tir Mf 10 1 578 MIs.

MOVENNE DES CHOCS A L'OUVER11JRE
SIEGE MK 10 - VOILE GO 1000

MESURES Nonibre J Gz G1 J z
do Tirs do tirs T Tension Max Max

Vitesse Suspente > loomll

YE) 450I KEAJS 15 22 19,2 14,7
*a ±4 ±t4,8

450 >VE > 50KEAS 5 10,3 9,8 6,9
±2,5 ±2,5 ±3,7

VE < 150KEAS a 4,3 j4,3 2,8
±2,3 ±2,2 ±1,8

TABLEAV no 3 Yaleurs foy-abos dew chaci A lcVat"ture
obteaus poor diffirwntas classou do vttessm..
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DEVELOOPMENTOF AN EJECTION SEAT SPECIFICATION FOR A

NEW FIGHTER AIRCRAFT

by

DJ.ACM
Royal Air Force

Institute of Aviation Medicine
Farnborough, Hants GU 14 6SZ

United Kingdom

Introduction

The development of a new aircraft brings with it the opportunity to incorporate improvements, and new
features, in the design of the escape system that experience with previous systems has shown to be
necessary. Just such an opportunity occurred with the announcement of the development of the European
Fighter Aircraft. The United Kingdom input to the specification of the ejection seat for this aircraft
was derived from accident experience and from analysis of ejection test data from previous marks of
ejection seat. The aim of this paper is to discuss the problem of impairment of consciousness on
ejiection, the rationale for improvements in ejection seat stability, and measures taken to improve
ejection seat headbox impact attenuation.

Accident Investigation

The purposes of investigating the use of ejection seats are to check that the ejection seat has functioned
correctly, and to attempt to determine whether the operation of the escape system has contributed to any
injuries that the aircrevnan has suffered. Ejections fall into two groups: those within and those outside
the safe escape envelope. Quantification of the ejection conditions, a task eased by the increasing use of
accident data recorders, allows an estimate to be made of how close an out of envelope ejection is to the
cafe escape boundary. Subsequent computer reconstruction, using iterations of different escape conditions,
can refine these estimates. Use of the computer model also permits the testing of changes in time and
drogue and parachute performance on escape system behaviour. Thus potential improvements can be checked
cheaply and quickly without immediate recourse to expensive experimental ejection test shots. Use of such
techniques has produced requirements for progressive increases in the size of ejection seat safe escape
envelopes. Royal Air Force ejection experience has however shown the following to be of concern on other-
wise 'within envelope' escapes:

a) Impairment of consciousness

b) Ejection seat instability

c) Helmet/parachute riser interactions

d) Besd/headbox interactions

Impairment of consciousness

As a result of the work conducted at the Royal Air Force Institute of Aviation Medicine in support of
AGARD AMP Working Group 11, a review was conducted on the incidence of impairment of consciousness on
'within envelope' ejections between 1968-1981 (Anton 1984). Impairment was taken as referring to a
condition where some degree of disturbance of cerebral function, considered to have been caused by acceler-
ation, has occurred, but where the circumstances of the accident preclude the precise definition of the
alteration of consciousness. In the past it has been the custom to ask the Medical Officer reporting on
the accident, to assess the injured crewuember as to whether he was comatose, or bad suffered a degree of
concussion. This approach was unsatisfactory as it resulted in a series of records where the degree of
head injury could not be objective'.y comnared between accidents, due to the lack of commonality of
ascessment by the recording Medical Officers. Accordingly a new system was devised based upon an assess-
aent of the duration of post traumatic amnesia. This could be assessed from the time history of the
accident, the subject's documented statement about the accident, the clinical notes and, where necessary
and possible, by re-interviewing the subject. A further value of using post traumatic amnesia as an
index is that it is related to the degree of cerebral damage, (Russell, 1932, 1971) as well as being a
predictor of subsequent recovery from head injury (Jennctt & Teasdale 1981). For the purposes of the
study, the duration of post traumatic rmnesia was defined as the duration of absence of memory from the
initial event, to the return of continuous memory. Thus 'islands of memory' were recorded within the

duration of the post traumatic amnesia.

With the above provisos, six survivors from two hundred and thirty seven within envelope ejectees (2.5%)
were assessed as having suffered a head injury, as evidenced by a post traumatic amnesia lasting from one
to two minutes, to four hours. Eight fatalities were also noted in this series, one of which showed
unequivocal evidence of impairment of consciousness, three others exhibiting circumstantial evidence of
the same, to give an overall incidence estimate of 4.2%. The probable cause of the impairment of con-
sciousness in the survived and in the fatal groups is shown in Tables I & 2. It can be seen that ejection
forces, a loose term embracing ejection seat instability and drogue and parachute forces, and including
both direct and inertial trauma, were deemed to be responsible for half of the impairment of consciousness
related fatalit'es and a third of thf injuries in the survived group.
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Table I

Probable Cause of mpairamnt of
Consciousness in Survived Group

Through Canopy Ejection 1
Fit Read on Ground 2
Ejection Forces 2
"-ead/neadbox contact 1 ..

Table 2

Probable Cause of Imnirmtent of
Coasciousnees in Fatal Group

Through Canopy Ejection 2
Ejection Forces 2

The incident of impairment of consciousness, and fatality related impairment of consciousness, and fatality
related impairment of consciousness, has not been documented since 1981, but unofficial estimates indicate
that the incidence is essentially unchanged despite the virtual eliaination of through canopy ejection.

Ejection seat instability

It has been known for some time that unless ejection meats are stabilised they have a tendency to rol1,
and/or yaw, during rocket burn, shortly after initial entry into the Lirstre". As a result of this
instability, subsequent drogue and parachute deployment vectors can be asrkesdly 'off axis!. giving rise, on
occasion, to unacceptably high forces on the seat occupant. The following two cases (Anton, op cit) show
examples of lateral parachute extraction, thought to be due to ejection seat instability, where concern
wa e4xpressed that the crewmn msay have been incapacitated as a result of faores experienced during
ejection.

Came Io 185.

"This aircraft was one of a pairs formation. The subject aircraft cras had been briefed to do a
loose article check at some stage of the flight. At a20kts in company with the first aircraft, the
subject aircraft rolled a fALl 360 degrees, and then rolled again. In the second roll it pitched
nose dovwn whilat inverted. The canopy was seen to detach, and a flesh, possibly due to the .*ocket
motor of the ejection seet was seen. The instructor from the rear seat of the subject aircraft us
recovered, drowned, beneath an apparently normally deployed parachute. He had not accomplishez any
post ejection drills. Investigation shoved that the aircraft was yawing markedly at the tim the
instructors ejection uas initiated. Reconstruction and computer simalation indicated that the
ejection waa probably 'within envelope'. Investigation also revealed evidence of lateral parachute
extraction. At autopsy there vas evidence of bruising in the right paravertebral mascles although
there was no evidence of dsaage to the brain or spinal cord.

Case 5o 195.

This case involved an instructor, flying a single seat aircraft in a pairs formation, who went
missing in seee mountains after a low level abort. The aircraft vwa found twenty four hours later,
the ejection seat three days after the accident, and the pilot's body, four days after the accident.
Investigation showed that the pilot hLA been dragged for some 300-350 metres, over rough ground,
before being pulled over a craa. Subtequent reconstruction of the aircraft and ejection seat
trajectory shoved that the pil-c culd have been in parachute descent for one, to one and a hall
miutes, prior to parachute landing. There was no evidence of any post ejection drills being
accomrplished. The autopsy shoved multiple skull fractures, most of which appeared to be post-atrten,
but one, behind the right ear, shoved evidence of rather more bleeding, and might thus have been
ante-mortem. Examination of the ejection seat revealed that the parachute had been extracted
laterally with considerable force, to the extent of actually fracturing the parachute container
where it was restrained within the ejection seat.

These two cases, which occurred within six months of each other, triggered an investigation into the
stability of the particular type of ejection seat concerned. Initial information from the trials films
indicated that yav rates in excess of 2000 degrees qec.-

1 
could occur, but these data had been obtained by

a simrple single axis analysis of progressive frames of 35= film. These rates were far in excess of
anything that had been iseasurel using angular rate g'ros on other sisilar ejection seats. Since angular
rate gro data were not av•ilable for this particular mark of seat, a mathematical solution was derived.
This, in conjunction with at ejection seat model and a computer program for the derived instantaneous
angular positions of the ejection seat, as seen in progressive film frames, gave results that compared
reasonably well with rate gyO data. Reprocessing of the data using the new method revealed peak yaw
rates occurring during rocket burn, of between 950-1000 degrees sec.-

1
. These values were consistently

obtained across the speed range from 3
1

0-600kts. It should be noted that although these figures for yaw
rates are high, they have historically been deemed acceptable (Buchanan 1981). The significance of such
yaw rates is in the indication cf the degree of ejection seat instability, occurring early in the ejection
sequence, and the consequential effects that this instability would have on subsequent drogue and parachute
deployment vectors.
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Drogue Deployment

Loas occur during drogue deployment at so called 'drogue snatch' ond at drogue inflation. Drogue snatch
occurs at line stretch, and is caused by the mass of the drogue system being suddenly accelerated to the
velocity of the seat. On most kartin Baker seats, this is characterised by a sharp peak and a short
duration (W-Donell Douglas Aircraft Company 1981). A typical example is seen in Figure 1.

iwIa M EJECIM SEAT MI~TT
a= 0W55 Sless. OCFUflM

I _ -I- iii;

-PN OeM LOA0
pMUF I

The snatch load is the first triangular spike of 1362kgf (30001bf) with a 30 millisecond time base.
Analysis of data from a variety of ejection seat types and from several manufacturers shows that the
acceleration vector with respect to the seat can act in almost any direction (Figure 2).
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Drogue opening

Drague snatch is followed by drogue opening, and considerable loads can be encountered. Figure 3 is a
trace from a test ejection of a new type of parachute headbox, and a -45Gy peak can be seen on an approxi-
matelyr triangular pulse of 14o silliseconds duration.

__ __ _ __ __ __L__ _ __
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FiAure 3 also above that there is a significant difference in the magnitude of the acceleration in the
head Left/Right (L/R) tre~c and the an L/R, aa recorded in the torso of the test dmm. Lack of fidelity
in dumy neck response makes the evaluation of such data problematic, but it is cear that such accelera-
tions aea highly undesirable. Such drogue opening accelerations are not unusually high wen compared with
other seat test data. Modern escape systems, however, produce sore consistent saplication of such lcads
due to earlier, and more reliable deployment of the drogue. The drogue forces ban• on occasion been high
enough to fracture the shackle stops on the top of the ejection seat and shear saw pat of the top cross
bean assembly.

Parachute Opening Forces

The parachute snatch force is produced at line stretch an the mass of the par-abmte is accelerated to the
velocity of the @eat occupant. The orientation of the force vector to the crewmv is dependent upon how
long the ejection seat has had to align under the drogue, and is thus most random for ejcctions occurring
below barootat height, or below the switch over point for the barometrically controlled G stop on Martin
Baker *•10 soats (Figures 445).
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Where the scissor schakcle release time is extended, seat alignment has time to occur and the deployment
vectors are therefore much closer to the ideal, and snatch and opening loads are reduced.

Helmet/parachute riser interactions

Placing the parachute in the headbox of the ejection seat has a number of important benefits. It also has
)ne important dravback in that. for parachute deployments in the vectors forward and/or to the side of the
seat occupant, the parachute risers have to sweep around the helmet as the parachute risers go 'lines
tight'. One fatal accident has occurred where there was some evidence to indicate that the aircrevman's
helast came into contact with the parachute risers with sufficient force to leave witness marks on both the
helmet and the visor assembly. The crewman concerned died of a sub arachnoid haemorrhage but without
evidence of any focal injury. Subsequent laboratory experiments, conducted at forces well below those
encountered on escape, demonstrated the capacity for the parachute risers to interact with protrusions on
the helmet when the risers deployed on vectors in the forward hemisphere of the ejection seat. This
qualitative experiment demonstrated not only the importance of helmets having smooth external profiles, but
also the need to ensure that ejections are as stable as possible so that acceptable parachute deployment
vectore can he achieved.

The combination of test evidence from previous marks of seats, together with concern over the number of
fatal, but otherwise within envelope ejections, generated the requirement that any new mark of ejection
seat must be stable. Accordingly the United Kingdom raised a specification requiring a new ejection seat
to be maintained in a stable attitude in the X, Y and Z axes from ejection initiatiot up to man seat
separation. In a forward facing ejection, the seat was required to remain face into wind in pitch and yaw
within +/-20 degrees. Additionally, the angular motion of the occupants heAd (type of dummy not specified)
was required not to exceed 30rad sec.-' angular velocity or 4500 red sec.- 2 

angular acceleration.
As a further measure, following the period of stabilised flight on the drogue, and for parachute canopy
container opening at speeds in excess of 150 KEAS, the angular displacement of the dummy torso relative to
the centreline of the deploying parachute was required to be controlled within the limits of pitch defined
by NIL-S-184T1G, and within 15 degrees in roll and yaw. These angular limits are to be maintained through-
out the time interval between recovery parachute lines stretch and recovery parachute first full open.

Read/Headbox interactions

Windbl~aat, and off axis drogue and parachute forces can result in the head being brought forcibly into
contact with the ejection seat hesdbox. This first became of serious concern during the high speed
ejection testing of the M1IOA ejection seat used in the Tornado. Analysis of the high speed cine film
from a 628kt test ejection showed that, during the initial rise of the seat, the inertial reaction to the
.,Gz acceleration forned the dummy's head forward onto its chest. As the head and the top of the seat
emerged into the air flow, the head was driven forcibly back into the front of the headbox. Substantial
damage wav caused to the helmet. Subsequent calculation, based on the aerodynamic loading, indicated a
maximum impact velocty of 13.6m.sec-', (Glaister & Gilbert 1975). Assuming a slightly lower impact
velocity of 12m.sec-1 and a 6.8kg combined head helmet mass, gives an energy of impact of approximately
W60. Joules, rather more than twice the 200 joules design criterion laid down in the then British Standard

2495:1960. As a consequence of this incident the ejection seat headbox of the lk1OA seat w"a modified to
improve its impact attenuation. Following modification, the headbox/helmet successfully attenuated
impncts energies up to 570 Joules without exceeding 20 kN transmitted force, or a peak acceleration of
310G. Regrettably, the principle of specifying headbox attenuation was not carried over to other
ejection seats, and operational experience began to accrue indicating that helmet/headbox impacts,
hoverer occasioned, were a cause of impairment of consciousness on escape. Two cases serve as examples:

I___ ___ ___ ____ ___ __ ____ ___ ___ __
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ESCAPE SYSTEMS RESEARCH AT RAE

by D J Gilson

Procurement Executive, Ministry of Defence
Royal Aerospace Establishment

Farnborough
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SUMMART

A range of recent topics In the escape systems research programe at the Establishment
is described. Prominent among these is the computer simulation of ejection seat dy-namics which enables prediction of the behaviour of escape systems in different con-
ditions, and complements the experimental methods of investigation. Other topicsdescribed include passive methods of seat stabilisation using plates to supplement a
brldle-mounted drogue, use of a reefed drogue to improve deceleration characteristics,
consideration of some novel methods of deceleration, and use of Inflatable restraint
devices. Electronic sequencer developments are described, leading to provision of ahigh capacity, high reliability sequencer for trials use. The paper concludes with aconsideration of biodynamic modelling and dummy development.

INTRODUCTION

The work of the Royal Aerospace Establishment at Farnborough UK includes research anddevelopment on aircraft escape systems. In this field, we work closely with industry(NMartin-Baker) and the user (represented typically by the RAF Institute of AviationMedicine). One of the key elements in the RAE programe of research is the computer
simulation of ejection seat dynamics.

COMPUTER SIMULATION

This is a six degree of freedom simulation, which can be used to predict the trajectoryand attitude of an ejected package under a wide range of different conditions (ref 1, 21The equations of motion describe rigid body freedoms of the ejected package in the threelinear and three angular directions. The package consists of the seat and occupant whenfirst ejected, acted upon by the forces and moments generated by propulsive loads,aerodynamic loads, parachute loads, etc (fig 1). When the man separates from the seat,the model changes to a two body simulation which consists of man and parachute canopy
joined by the parachute rigging lines (fig 2). Numerical Integration of the equationsof motion produces a time history of the motion for all axes, and all phases of theejection can be simulated from initiation of ejection to arrival on the ground.

The greatest uncertainty in the predictions made arises from the limitations of theaerodynamic data. A comprehensive set of static aerodynamic coefficients was obtained
experimentally from tests of one-third scale seats and dummies In a transonic windtunnel at ARA Bedford, and this was backed up by limited full scale tests In a 24 ftwind tunnel. These data are incorporated in the computer model as a matrix of data
points which are interpolated by the program. In practice, aerodynamic moments are
sensitive to small changes in the proportions of the seat occupant and changes in hisposture, so that for an unstabilised seat, an accurate time history of the motion is notreadily predicted when the airspeed is significant. However, under low air speed con-ditions and for a stabilised seat under any conditions, a good match is possible betweenprediction and reality. At all speeds, the simulation is an excellent means of pre-dicting trends In behaviour arising from systems modifications or new design features.
The simulation is also readily adaptable for use in dynamic applications other than
ejection seats.

Of course, the simulation complements the use of experimental methods in the researchprogramme. The main test facilities in use are rocket sleds at Pendine in South Wales
(fig 3). and the ejection tower at Farnborough (fig 4). For escape parachute testing,air-dropped parachute test vehicles (ref 3) and a compressed rir launcher (ref 4) are
available. Use is also made of wind tunnels when required. Comprehensive instrumen-
tation facilities are used to extract the maximum data from expensive and time-consumingtrials. The simulation is regularly validated against trials data to ensure that it
gives realistic behaviour.

The simulation is used to assist the escape community in a wide range of tasks, In-cluding accident investigation for RAF IAm, but its main application is as a researchtool. It is used to assess and optimise many prospective improvements to escape systems
which arise from the escape technologies being developed at the Establishment, as will
be described in the following paragraphs.

0 Controler, He.rr Majesty's Statio•ery Office London 1989
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SEAT STABILISATION

Ejection seats are not renowned for their aerodynamic stability in a high speed airflow.
Without special precautions, a free-flying seat can rotate in the airflow and cause
parachute shock loads to be applied to the aircrewman in hazardous directions (fig 5).
Our aeromedical colleagues at RAF IAM have highlighted this problem, and it is well
recognised that lateral loads of more than 15 g applied to the head-neck system carry a
high risk of injury (fig 6).

To overcome this problem, passive means of stabilising an ejection seat aerodynamically
have been developed at RAE (ref 5. 6). The primary technique is to attach the drogue
by means of a three-strop bridle, so that the seat is held upright and facing into the
airflow (fig 7). The drogue needs to be deployed early, but this risks interference
with the fin of the aircraft. Therefore to provide early yaw control, aerodynamic
plates should be added to the seat. Fig 8 shows experimental plates mounted on one of
the one-third scale model seats already described, to determine their effect in the wind
tunnel. Fig 9 shows plates of proven design installed on a full size seat which have
successfully controlled the yaw attitude in ejection trials (ref 6). In service, the
plates would need to be folded while the seat is in the cockpit and then deployed on
ejection. Fig 10 shows the improved stability and reduced lateral g which result.

DECELERATION CONTROL

One of the problems with using the drogue as a stabilising device is the need to deploy
it early in the sequence, when airspeed may be high. To avoid excessive deceleration
loads on the man, the size of the drogue must be reduced. But then apart from the
limited authority which a small drogue will nave, as the speed decays the drogue will
become less effective in slowing the man. Thus it will take longer to reach a safe
condition for main parachute deployment and tho margin for safe escape will be reduced.

A typical deceleration trace for a simple drogue is shown in fig 11. A noticeable
feature is the large dip in the trace in between the drogue inflation and the main para-
chute inflation. Therefore we require a drogue parachute with a variable canopy area.
Such a system has been developed under contract at Irvin GB and refined by RAE.
Deceleration peaks are reduced by allowing the drogue to open progressively Jn stages
under micro-processor control Ps the velocity decays.

Fig 12 shows how the opening of the drogue is controlled. The peripheral reefing line
is arranged in a clover-leaf pattern and joined to a centre line which is released in
stases by pyrotechnic actuators. Fig 13 shows the release block built in to the
confluence point of the rigging lines and containing a number of redundant actuators.
These enable three stages of de-reefing to be achieved reliably. Ejection trials of the
system have highlighted some problems with initial inflation of the drogue but these are
being addressed (ref 6).

Fig 14 shows the result of applying the system. It is evident that much of the dip in
the deceleration trace has been removed so that the man is decelerated more consistently
and more rapidly.

Of course when used in a lower airspeed ejection the system would be arranged to deploy
the drogue in a more fully open state, while below a particular threshold speed the
drogue is unnecessary and it would be dispensed with, allowing the main chute to be
deployed directly Zor best performance.

While on the subject of deceleration control, a potential problem arises with the current
specification of lightweight seats for aircraft such as EFA. In a 600 knot ejertion the
initial drag of the seat and man alone, without any parachute, is likely to exceed the
critical level of 25 g. Possible ways of alleviating these loads would be to reduce the
seat drag with a stream-lined fairing, or to provide a forward rocket thrust to offset
the drag. Alternatively, aero-medical opinion may come to accept the extra hazard of
the increased g level in view of its short duration and hopefully the rare occurrence
of ejections at this speed.

NOVEL METHODS OF DECELERATION

The ideal deceleration trace would have a constant level at the physiological limit of
20 or 25 g, as shown in fig 15. Since much of this deceleration is produced by the drag
of the seat and man, and the latter decays as the velocity decays, the contribution from
the parachute is required to be low at high speed and high at low speed. This is con-
trary to the usual rules of aerodynamics, and Industry was invited to study speculative
methods of achieving the required result. Studies at Cambridge Consultants (ref 7) and
GQ Parachutes (ref 8) considered a number of ideas, the following being among the more
interesting.

One approach is to treat the parachute as an anchor in the sky and reel out the line
connecting it to the seat in a controlled way. This can be done by using a material
such as ply-tear webbing, or by running the line round a controlled capstan (fig 16) or
through a friction brake. Up to 20 m of line would be reeled out in this way. Ply-
tear webbing gives a fairly constant force but this is not quite what is required. The
simplest of any of the3e systems is estimated to weigh at least 4 kg and the addition
of refinements including a control system would increase this figure substantially.
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Another method is to deply a drag body or bodies mounted on the seat itself. This could
take the form of an array of hinged plates, or an inflatabl structure (fig 17). ar-
ranged shuttlecock fashion. At increased speeds, the drag surfaces would tend to align
themselves with the flow and reduce their drag coefficient. Unfortunately the result
falls short of the desired effect unless & comple0 control and actuation system is
added. Studies suggest that the drag plates may be worthy of further investigation, but
an inflatable structure of this type would be excessively heavy in respect of weight of
fabric and weight of gas.

The overall conclusion of these studies was that it would be difficult to improve on the

reefed drogue system already being developed.

INFLATABLE RESTRAINTS

At the same time as Inflatable structures were being studied for use as drag bodies,
their use for restraint devices was Investigated. A contract at Cambridge Consultants
has produced the prototype inflatable head restraint shown in fig 18. The device is
stowed on the headbox in normal flight and would be inflated on ejection. This proto-
type is being used in laboratory tests to establish techniques for fast and controlled
Inflation.

SEQUENCZ CONTROL

Previous paragraphs referred to microprocessor control of various parts of the parachute
system. The phIlosphy followed at RAE has been to provide such control continuously
during the escape sequence and not just in the selection of a mode in the early part of
the ejection. Such control requires the continuous input of data from airspeed, altitude
and deceleration sensors mounted on the seat.

For measurement of airspeed, a particular design of shielded pitot has been developed
(fig 19 and ref 9). Wind tunnel tests show that the output is accurate at airflow
angles up to 60 degrees off axis (fig 20). Pressure altitude id measured using an open-
ended tube mounted behind the seat where it is well shielded from direct flow impinge-
ment from all directions. The reading obtained Is a value of base pressure which is
somewhat below the ambient static value. Processing of the base pressure and pitot
pressure values must be carried out to deduce a value for static pressure. In addition
to airspeed measurement, deceleration is measured by accelerometers in each of the
three seat axes.

To make use of all this data, intelligent processors are being developed at RAE. Fig 21
shows a prototype microprocessor-based sequencing system which has been developed and
which has provided reliable control of the sequence in ejection seat trials (ref 6).
This experience led to a specification (ref 10) for a high reliability sequencer with
expansion capacity to handle advanced features such as vertical seeking and thrust vector
control. Such an experimental sequencer is required on trials seats to conduct research
on advanced systems of that type.

A development contract at GEC Avionics has resulted In de~ivery of three sequencers for
this purpose (fig 22). Reliability Is achieved by the use of triplex 80CSS processors
with majority voting, and further high integrity architecture bas,.d on duplicated power
supplies and transducers. Input channels include 6 integral accelerometers, 4 pressure
transducers, 8 external event switches, and a triplicated synchronous serial data input
channel. The serial channel will -1low receipt of aircraft data, and/or data from a
3-axis ground proximity sensing a ,cem. Oiutput ch:.nnels include 12 duplexed firing
circuits and & analogue outputs. Each firing circuit generates a short duration high
power current pulse for operating electrically initiated explosive devices. The analogue
outputs could piovide signals to a rocket vectoring system or a gas jet control system.
Non-volatile memory of 2X capacity ibles storage and recovery of ejection parameters.

The flexibility of control provided by electronics allows other control features to be
Iniluded, such as modulation of the sequence accordtng to the imminence of ground impact.
In ejections near the ground, decelerations may be taken to the physiological limit to
maximise survival cnances. In elevated altitude ejections where the danger of ground
impact is remote, a milder level of deceleration can be permitted to reduce the loads on
the seat occupant. A less "essful ride improves the chances of a safe recovery.
Proximity to the ground can .e estimated crudely on the basis of pressure altitude, but
It is more a'ccurate and more useful to sense tt.e ground directly with a simple radio-
altimeter.

BIODYNAMIC MODELLING AND DUWNY DEVELOPMENT

There is well-publicised concern abjut the increasing mass of helmet-mounted equipment
and its e" ect on head and neck loadings. At the same time, the dummies available for
ejection ttsting are nerceived to have shortcomings in respect of inadequate bending
flexibility of the spine and neck, and inadequate compressive flexibility of the spine.
Compression r the spine is believed to be a significant factor in the human response to
ejection, causing slackening of the harness which encourages slumpirn of the torso.
Similarly, th,.re is evidence that bending of the thoracic region of :.ne spine contributes
significantly to ejection response.

Therefore a method of constructing the dummy spine has been devised which provides both
bending and compressive flexibility. Fig 23 shows the principle, for which a patent

_ _ _ _ _ _ _ __ _ _ _
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application has been submitted. The spine is based on a nylon bar which provides the
appropriate bending flexibility. A series of nylon cotton-reels are a close sliding fit
on the bar. Each pair of dummy ribs is mounted on a cotton-reel and the space between
adjacent cotton-reels is filled with a rubber washer to provide compressive flexibility.
The upper and of the nylon bar is fixed to the shoulder unit of the dummy. At the lower
end, the bar Is a sliding fit in the dummy pelvis. Representative head dynamics are
achieved by careful attention to mass properties of the head and by a new flexible seg-
mented neck. Ejection tower tests of this assembly have demonstrated realistic degrees
of slumping of the dummy, and free flight ejection tests at high speed have established
the durability of the design. The nylon bar can evidently bend through a considerable
angle without suffering any apparent damage.

In parallel with the development of dummy hardware, attempts have been made to model
mathematically the human response to ejection. The spine and neck have been represented
by a series of lumped masses joined by elastic and viscous elements. Fig 24 shows a
sample response to a vertical impulse for one such model. The need for a non-linear
response In the model was recognised at an early stage. The eventual aim is to develop
a representative model of human response which can be added to the simulation of
ejection seat dynamics to improve the realism of the predicted motion.

CONCLUSIONS

It should be clear from the foregoing that escape systems research at RAE covers a wide
range of topics. The computer simulation of ejection seat dynamics is a vital tool
providing assistance in all areas of this research, and complementing the experimental
methods used in trials.
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Fig S Lateral loading of occupant in an unatabiliaed acat
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rig 7 Passive stabilisation by bridle mounting of drogue

Fig 8 Stabilising plates on 1/3 scale wind tunnel model
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Fig 9 Stabilizing plate* on a full scale trials seat
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Feig 21 Prototype microprocessor-based sequencer

Fig 22 High capacity, high reliability sequencer for advanced
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INTRODUCTION

Ejection seats have become increasingly complex, heavier and bulkier in recent years.
This growth has been in response to the increasing demands for greater performance,
under more severe conditions. It is also due to the relocation onto the seat of
equipment which was previously aircraft mounted such as anti-g valve, oxygen regulator,
NBC equipment and OBOGS auxiliary oxygen equipment. In the Tornado, the MklOA ejection
Meat even gained outlets for the cabin conditioning system, becoming the worlds first
air conditioned ejection seat! This trend has persisted for some 15 years, but now new
design drivers are becoming dominant with an increasing and urgent need for lightweight
and low cost.

This paper briefly reviews the Martin-Baker developments of the past 15 years and
discusses the new trends which are shaping future Fighter Escape Systems.

NMIO 1970'S

Martin-Baker design philosophy has always been one of analysing their previous
products, retaining the beat features and developing improved features to meet new
specification requirements. The 5,800 successful Martin-Baker emergency ejections
prove the effectiveness of the basic design concept. Tornado, Hawk and Alpha Jet
demanded a lighter, quicker acting ejection seat but development of the Nk7 or Mk9
ejection seats would have meant unacceptable weight increases and their back mounted
parachutes did not lend themselves to still quicker operation. The traditional
Mertin-Baker features were therefore repackaged, relocating the new 5.2 metre Go
Aeroconical parachute to a headrest mounted container and providing ballistic operating
systems in place of the earlier mechanical systems.

The MklO ejection seat dramatically improved seat performance enabling safe ejection to
take place under conditions which would previously have been impossible.

Early market requirements for further weight and cost reductions resulted in the
development of the MklOL (lightweight) version which reduced seat weight by as much as
201. Acquisition costs were also reduced by the use of computer aided manufacturing
techniques.

Both the MklO and MklOL ejection seats have proved most successful and are now
installed in 35 aircraft types. Their safety record is also impressive with 95% of
emergency ejections being successful. It should be noted that the fatalities include
all causes, including drowning and out-of-envelope.

TRAINER AIRCRAFT ESCAPE SYSTEMS

In 1977 a new market for ejection seats opened with the Turbo Prop trainer market. In
that year, Guido Pessotti, the Technical Director of Embraer in Brazil, began the
design study for his then new EMS 312 turbo prop trainer. He did not accept
preconceived ideas, but decided to investigate a possible need for ejection seats.

World War II experience had revealed the effect which speed has on recovery rates.
Even moderate speed delayed escape too long for safe pilot recovery. At only 200
knots, chances of saving aircrew was reduced to 25%. Above 300 knots, pilot recovery
was as low as 2%. With the new turbo prop trainer projected to have a Vne of 330
knots, it was obvious that assisted escape could be justified on the grounds of speed
alone.

A further study was conducted to determine if ejection seats could be fully justified
for turbo prop trainers. Examination of the Jet Provost basic trainer performance
envelope confirmed that it was similar to that of the proposed trainer. Performance
characteristics of the Jet Provost and Tucano are similar, with an identical stalling
speed (65 knots), but 50 knot higher maximum level speed for the Jet Provost.

In the period under review, there were 107 ejections, of which 102 were successful,
giving a recovery rate of 95.3%. In all unsuccessful cases, ejection was initiated
well outside the performance envelope of the ejection seat. Only six of the 107
ejections had a reported ejection speed in excess of 300 knots. The vast majority
(91.1%) of ejections, where speed was reported, occurred within the level speed range
of a turbo prop trainer, 75% were between 75 and 150 knots. Thirty-nine ejections took
place below 1,500 feet.

The study came to the following conclusionsi
1. The 107 ejections which took place from the Jet Provost during the subject period,

could have taken place from a turbo prop trainer. The accident rate and



5-2

circumstancee were to be expected with any future medium performance basic trainer
operating in similar conditions.

2. Over 30 pilots who succesafully ejected below 1,000 feet would, almost certainly,
have been lost had ejection seats not been fitted.

3. Safe escape under conditions of loss of control below 4,000 feet or fire in flight,
would be marginal without ejection seats.

4. An unknown, but most significant, number of safe landings have been made in Jet
Provost sircraft following an in-flight emergency which would have necessitated
early abandorment had ejection seats not been installed. Because escape could be
oaf I delayed, the pilot had the opcion of conducting an approach to a safe
ToMi.. In some engine failure cases, the glide could not be extended
sufficiently and the pilot ejected successfully at an altitude at which safe
abandonment would have been impossible.

For Tucanop the MklOL ejection seat was modified by removing the rocket to save weight,
thereby giving a Performance of 60 knots on the runway. All Tucano customers opted for
ejection seats and the Tucano has proved to be an outstanding success story.

1011

Not be to outdone, Ptlatus in Switzerland, produced the PC-S equipped with ejection
seats from the outset. This time a lighter, specialist seat was developed by
Martin-Baker, this being the MkCR11A. This seat employed the traditional MBA design
layout, but was more compact and lighter than the NkBL seat developed earlier for the
Tucano.

Nkl 5

With the ejection seat equipped basic trainer firmly established, operators of similar
performance aircraft, such an the PC-7, began to press for ejection seats. Because the
PC-? ccckpit was designed for over-the-side bale-out, there was no possibility of
installing the Mkll seat, there being insufficient fore and aft space available.
Martin-Baker set to work with Pilatus to develop an entirely new seat which would
occupy the same position as the existing fixed seat and parachute. After extensive
innovative design work, this goal was achieved by positioning the pilot between twin
ejection gun tubes close to the cockpit rear bulkhead. The twin ejection guns also act
as the seat primary structure. In this way the correct sitting position and eye datum
points were retained.

MK15 EJECflON SEAT

_ _=



In order to minimise the effect on aircraft performance by the installation of ejection
seats, it was essential that weight be kept to a minimum. This was achieved by
employing componen-ts or multiple functions so that, for example, the ejection gun and
guide rails form the primary seat structure to withstand flight and crash loads. The
result has been the development of the worlds lightest and smallest production ejection
seat, weighing only some 78 lbs (35 kg). Thus the light trainer market generated the
light seat concept because minimum sass was a major design driver.

$IGS ?ECHROL00 DIVELOPMEU'TS

Meanwhile, in parallel with the search for ever lighter weight ejection seats for the
trainer aircraft field, the high performance aircraft field continued to demand greater
performance. This resulted in the Mk12 series ejection seat with Mechanical Speed
Sensing and Sequencing and this in turn led to the Mkl4 with Electronic Sequencer
control.

The Mk14 was developed specifically for the United States Navy Aircrew Common Ejection
Seat (MACES) programme and incorporates state of the art technology. When reviewing
the specification requirements issued by the Navy in 1984, the following design drivers
emerged I

SMinimum Programm Schedule Risk
Common seat for four aircraft types with no airframe changes

C Electronic sequencer operation

Nigh performance and serviceability
• WS compatibility
* Low Life cycle Costs via ILS
* Installed mass of not more than 215 lbs

As the Mkl0 ejection seat in the F/A-18 Hornet was already popular with pilots and
groundcrews, that basic design was adopted to minimise programme schedule risk. The
Nk14 design was selected for NACES and is now being introduced for the P/A-18 Hornet,
T-45 Goshawk, P-14D Tomcat and a new combat aircraft in development. Some 80 test
ejections from zero-zero to Mach 1.2 at 50,000 feet have proved that the seat has
significantly improved recovery capability compared to earlier seats. A new
microprocessor controlled electronic sequencer developed Wy Teledyne in the United
States, a greatly improved stabilization system by Irvin (GS) and parachute by GO
Parachutes have been successfully combined in the most advanced ejection seat to enter
production. Initial deliveries have cosmenced and quantity production will be underway
later this year.

EJECION SEAT
-(STOWE~t

I ,
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MH N"XT GENERATION

With IACZS, the U.S. Navy took a quantum stop forward in escape system technology,
advancing the state-of-the-art. Meanwhile, the U.S. Air Force have pursued a different
approach with the Crew Escape Technology (CREST) programme, which Is developing new
enabling technology to extend future ejection seat capability. This work includes
variable thrust, steerable rockets, upward seeking systems and other advanced
technologies. Martin-Baker, being a non-U.S. company, was not allowed to bid and
Boeing succeeded in winning this contract. Although they have encountered major
difficulties, Boeing are developing some now technologies which may have significant
future applications. Although not intended for productior, CREST has shown that these
advanced techologies can be costly and heavy with a production ejo:tion seat likely to
cost 3-4 times more than RACES and weighing at least twice as much.

M Il - TEN NEX. sE rORKA*S

Martin-Raker had hoped to develop a range of RACES derivatives each suited to the
particular detailed requirements of future combat aircraft. With relatively minor
changes to the harness: survival kit, outer envelope, etc, MACKS would very adequately
meet the performance requirements of the next generation of fighter aircraft, but our
study of requirements revealed that the design drivers had changed yet again. They are
now seen as followsi

a R inmI mass
minimum coat/L.C.C.

e Improved Pilot efficiency
Nigh Serviceability/Reliability

C Sophisticated electronics

• Performance to RACES standard

The next generation of European fighter aircraft are to be built to very strict mass
and cost limits.

In order to respond to these new design drivers, Martin-Baker have combined the two
development paths of the ultralight trainer seat and the high technology, high
performance combat aircraft sats to create the Rkl6 series. The new design drivers
have been addressed as follows:

74 75 76 77 73 79 go &1 2 &3 64 g5 66 s7 W6 89 go 91 92 93

LI~fmd~t Ejection gusts (Trainer)
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results in a MklS ejection seat weighing only 139 lb (63.4 kg) a directly comparable

weight saving of 301 compared to MACeS.
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CAD/CAN deeign and manufacture, simpilicity of design and long installed componentilives reduce ownership costs even beyond that already achieved for MACES.

IXPOV•D PILOT U1ICIZNCT

The Hk16 ejection seat ts designed for ease of strapping in and emergency egress,
together with further improved pilot comfort and support. Pilot field of view has been
significantly increased to enable the full advantages of modern bubble canopies to be
realised while enabling the full use of helmet mounted systems. The development of
ever more cophisticated helmet mounted equipment has also increased the head supported
mass, a feature not conducive to safe high g combat or ejection. Although the helmet
systems maas will be minimisoed, there is already a trend to reduce impact protection
performance of the helmet in order to reduce head supported mass. This requires that
the head impact attenuation properties of the seat headrest be increased to compensate
for the reduced helmet protection and this has been achieved without increasing the
minimal profile for the headrest. With Integral NBC protection, anti-g, oxygen systems
and weapons systeam, the Mk16 ejection seat will become a major feature of the
crewstation and will significantly contribute to the overall efficiency and
effectiveness of the pilot.

3103 83 ]ICE"AILITT/RBLABUILITT

The Nkli will set a new standard for reliability, serviceability and ease of
maintenance when required. For example, rsAoval of the seat will now take one man 12
minutes and will not require removal of the aircraft canopy.

SOPHISTICATED ELECTRONICS

A second generation microprocessor controlled electronic sequencer has been developed
to control seat operation more accurately and provide greater redundancy. The unit is
capable of being integrated with the aircraft databus to upgrade performance by
responding to aircraft attitude and pitch, yaw and roll rates at the time of ejection.
This would enable the seat to respond to the precise condition at the time of ejection
and tailor seat operation rate to the criticality of the emergency. Provision is also
made for health monitoring and Built-in-Test. This advanced sequencer also
incorporates a Non-Volatile Memory which stores the ejection conditions and acts as an
additional accident data recorded. All of this has been incorporated in a jmaller
envelope than the first generation NACES system, saving on seat size and mass.
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EAC representa an advanced and effective mode of seat operation. Imediely aft
ejection, the seat is atabilized on a throe bridle ribbon drogue which holds th. seat
upright and facing into wind during rocket burn. At high speed or altitude the drogue
is retained until the closed loop sensing system signals its release immediately after
the rocket deployment of the main parachute. The Parachute Deployment Rocket fully
streams the bagged canopy in under I second, and the bag is removed permitting
progresaive he*-fLrst inflation producing safe canopy opening without high snatch
loads. The 00 6.2 Aoroconical parachute developed for VAC33 has been increased in
diasetro to 6.5 metres, while at the same time reducing its packed bulk by 30t.
Parachute performance is slightly improved over the fully U.S. qualified GO 6.2 metre
Aerocoical, while the emaller packed volume in the headrest .ontainer assists in the
iaprovement of pilot field of view.

KACSs operation has been extensively and reliably demonstrated by over 00 test• at XWC
China Lake and our own facilities. The adaptation of the NACBS operating mothods
provides outstanding ,qrformance backed by extensire trials experience.

Sy taking the best UACNS technology and improving it to meet the even higher standards
specified for the European market, a new generation ejection seat has been developed.
It sMete realistic specifications and safety goals and is several orders of magnitutds
lighter and less expensive than other future escape systems currently in development.

KAT ?RlZC$ SA•!?

In developing the Mk16 ejection seat, we appreciated that some customers would vant the
lightness, comfort, field of view, method of operaticn and low speed, low altitude
performance of the Nk16, but would be unable to justify the additional costs of a
sophisticated electronic sequencer system. We therefore decided to develop a
mechanical Node Selector version in parallel with the electronic seat.

It has been possible to mechanically *duplicate* the electronic system, giving
identical performance up to 350 knots and 7,000 feet. Above these speeds and
altitudes, performance is very slightly lower although mechanical 'g' sensing provides
a degree of the closed loop responsiveness present in the slectionic version.

Infact, so successful has this mechanical version been that it may sell be perferred
for sme of the advanced technology projects, for which the electronic version was
created. It seems that the international financial climate is such that ultimate
state-of-the-art sophistication is no longer the continuing ain and cost may even
*upercede lightness as the driver for some Applications. Certainly the MkI6 mechanical
Node Selector equipped Mk16 ejection seat comes very close to the capabilities of the
electronic version, although it cannot be integrated with the data-bus or provide some
of the future developments foreseen for the electronic version.

It may be the case, however, that escape system technology has already set its cost
cailir.g and that future procurement agencies, outside the U.S. at least, will decide
that NACES/Nkl performance is good enough and that now attention will now be
concentrated on acquisition and minimising life cycle costs and installed mass. We do
not wish to speculate upon whether such a trend is beneficial to the development of
future escape systems. We have however recognised the indisputable fact that low cost
is becoming an increasingly powerful driver and we are developing alternative
lightweight high performance Rkl6 ejection seats to meet either market.

Ristorically 9S% is the best aircrow recovery rats which has been achieved. If this
can be maintained for future generations, then safety will have been well served.
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- ~~POTENTIAL ROLE OF AVIONICS IN ESCAPE SYSTEMS -

Douglas Aircaft Company
3W55 Lakewoond Bloulevard -

Lanmg Beach, Caflornia 90646 USA
SUbMWAY

Trhe role of avionics in escape systems for high-performance aircraft is rapidly expanding. In the most advanced systems
curr~entlyinservice, an electronic controller, in conjunction with mechanical sensors, selects the recovery sequence and controls
event dining, More advanced avionics systems; under development feature improved micrpoesr and solid-state sensoms
These slightly improve performance by modifying system timing based on airspeed and altitude condition&. They also introduce
desirabe Iblack-boz" features such as built-in-test and fault isolation.

Avionics has the potential to contribute far more to escape systems based on the current development of controllable
propulsion systemsi. Typically these systems would consist of multiple rocket engines under the command of microprocessor/
controller. T1he controllable propulsion system would control attitude and would also control the acceleration forces on the
crew member. The avionics system would therefore include attitude and acceleration sensors In 'unarter" systems, the propul-
sion system could be used to control the escape trajectory for ground avoidance or to reduce forces on the crew member in
an escape under benign condlitions Thus, the avionics system may include ground direction and proximity sensors Real-time
control of an escape system vehicle under the dynamnic conditions associated with high airspeed or rapid maneuvering requires
a comprehensive avionics system with high-frequency response. However, the technology is available, and this type of sysete
could be a basic feature of any next-generation escape systm.

* 1 INTRODUCTION

* The avionics subsystem is the heart of the escape system since it controls the system functions. However, avionics is not
the only 4critical subsystem. There must also be a data acquisition system to provide environmental information necessary for
the avionics to determine the optimal flight plan, and a coonrollable propulsion syms te o carry out that flight plan None of

these subsystems can do much on its own, but when combined to form a complete epesystem, they can providesa level o
petformance that has nom previously been attainable. This performance gain is achieved mainly by the adaptive control pro-
vided in a real-time flight program. This capability will allow the development of escape systems that can be optimized for
their entire escape envelope, not just portions of it. Figure 1 shows the basic control elements for an advanced escape system.

Modemn digital systems under software control can provide an adaptive escpe and recovery capability, not just a fixed
order of events. Current escape systems execute a fairly simple, preplanned escap sequence based on limited environmental
iniputs V~th an expanded array of input sensors and a powerful digital computer, future escape systems will be able to execsite
a real-time flight program. T'he dynamic conditions of the ejection can be continuously sensed and the flight plan adjusted
accordingly. Thus, the variations in cre member weight, and the cg and aerodynamic force can be compensated in real time.
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fther beniefit afia digita sstra ate an expanded built-in-test (DTI) and data recorder baplsft1nei BITwil provide an
improved tad capability Owtng both the actual agesequence and the tinoral maintawamum cldes noe datatrecordat an
be doWiV asan intgral patt of the overall avionics system and provide valuable Infor liter accident InWlnv etipou.

INC TH3LAT ASSWSM

Current cocaeip systems cousider every ejection to have the same degree of ri*. llis s based as the cnqao hat it
thece bume~led to eject. it must be a real emergency and therefore tn ecae sysitsssegt hfimintoapara.2hut
as mn a pemiblet. Howevper. in the real world, thise is not always the case. The risk level x related so bow imminent ground
(or airrauft) inupsic k. and bow fas the aircraft is traveling, lIfthe *arcaft is in a steep dive at be- rikde and Nog speed, the
CIVem i brataNO gbrLs U the aircraft isat high altitue and very high speedtheam wmember isgoat high rii. Hammve,
fitts 11e Isat a moderate altittude, a moderave speed. and in level flight, the crew ciinebsiabersign or low-risits~tiaw
don. If tdo ris level is low, the avionics should attempt to provid an leasy ride' for the am ew ber. Ibi meus that the
crwiene should be subijectied to low acceleration forces and little or no trajectory saing It hoeiview the risk level is
higlh, the avloicims must conmmand the mazimum allowable thirust levels within human tolersice in order to recome the crew

maae.11~ hig-risk scenario will includ manoriver to avoid the ground, the akercrft or other ofm s di te eoe. Thi
type of rel-imse Uhdew assestsme ent can be provided only by an advanced arvionic a &srnn

Mw actasl acceleration lisnits for the various riskt lyevl are band on the dynamic reim D)model defined in Refer-
ewe 1. 7W isaathee-asla dynamiclemodel of the human body that relates imposedaccmleradoesflormto aprobabilty ofinjury,
amiged as low. madami or high risl. Since the DR model Is dynamnic, it is dependen on the accleation versus tim history
oldie* cp system isther than the static acceleration levels alone. The avionics mon theresr alac the propulsi~ and
aerodynaimici 1ocu in order to maintain the DR at or below the specified risk level. while at theame: time maneuvering the

COXNROUANZ FOIOPULSIOI
ft* avionics syte to aceve its foag potential. it mnbe coup!e with a controllable propuson sysem The bade

ofulesu ca controllable propulsion syste am (1) variable thrust levels (2) varable dgon'p e"or (3) vatriable bums
time, and (4) high-fequsency r~ne. Suet a propulsion system will allow the avionics to actirualy "6y' the 1ngi system
Vbrkou syseemse are -treudy under development to provide this capab"lt. Multiple solid-roaet moesnd gld propellants;
arewbeingi inv aedgsd o provid a variable das levelwhileconiguratiow. uiliing fied sadmovbl nozzes;e am being
Itdeveoe to provide variabloethre vectucacontrol Somne systems utilize samovble., m oa etin supiplemented byea

series oreaction jets The reaction jets provide a faster system resom than is pomile with a movable nozzle alone. A primary
flitor in the design for a controllable propulsion syste is a high-frequency, response U the thrust vector cannot be moved
quiickly. theirrationicswill not be able to contro the flight path of the escape system.

An avionics "astm, no maste how Ianart. must have a data acquisition sysem that cnprovide it wish the inforaio
neceenty for flight: conro-A Pressmr transducers can monitor the pitot and static pressurs in order to determine the altitude
and airspeed. Accelerometera and Vros can be used to provide an inerial measurement unit (IPU). N s ground avoidance
capbility is 11 ed1 a asicrowave radiometer (MICRAD) or radar altimeter could be added to the data accquisition system.
Another soticie of flight inflormation is the aircraft itself. At the time of ejection, the aircraft data bus could be interrogated
to dee Mnete Initial e;ictio condfitions. There is. however, a problem with using the airuft data The primary reso a
crew member may decide to eject is the fact or perception that somnething is wrong with his akrraft. Thmerefore. die dlata coming
from the aircraft may be invli or suspect.

Becamesi the integrity of the aircraft data will generally he in question. it is considered better to rey mainly on the datas
gathered by the sea-mounted sensors and use the aircraft only as a secondary source. Foture aircraft may have the ability to
determine their altitudle above ground level (AOL), not just altitude above sea level. The ACL daua could help the avionics
to dewemines how' 'n ien ground ipat. is, and allow it to begin a specific escape sequenice based on data obtained before
the crew member has sc~tuly ejected Howeve, the avionics must continue to do its own sensing in order to determine the
validity of the AOL data horm the aircraft. If the aircraft data cannot be confirmed by the escape VwMM seOI the avionics
must rely on the data gathered from Its own sensors

Accuracyi as concen for all senwr data, not just the aircraft dama An avionics systenm wthout valid mpaiu data LI, in effect,
blind. For this reaaon, all sensor dar must be checked and validateld before use. Wiuth the softwmarconcro available in digital
rvionics, this taid: an be imerfored with a high degree, ofadaptive logic. Current syneouvvaliclate data bydlesigssing redndancy
and reliability into the hardware of the sensors. Advanced systems; must containe to provide redundant and reliable sensors,
butthe softwarecanalso allowthe avionicsto lok atsallthe senior inputs in relation to eachtother. N the airdataaumriei
we indicating a low VWe~ and the accelerometers ane indicatng a high deceler-ationi rate, the toftwere can initist a self-to

or performa additional logic chcsin order to determine the mostlkly Wened onadnotose. Inthe evethat all the wamsur data
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camt e orrlaed ageneralized approach for the given conditions (e4g, a fail-saf approac) could be selected. Thus, in
60 @WW of samo sabastenescapt e system could rever back to * fixd-time, fixe qstht recovery seuence

ih~vprft mod thesame a a roretcapeaysems

For d sit data ubgystem. conflicting input is the rule rather than the exception. In a typical e~esystemapair oftowa
pmaport is located in the headrest area. Thes port are used to sertse the total dynamic prezssre acting on the eaL If

the e Iap Iyz were an aerodynamic body. both aensos would provide the same readings. However, exprencem has shown
thathe twopramr readings generally do not agree with each other. Typical causea oithe pressure differences are turbulent
airflow around the sea due to its blunt body, blanketing of a pizot from sideslip, and compressibilfity effects of local shock
weves, Moreover, when the afiveaft hatch or canopy is jettisoned turbulenice around the aircraft can cause the too pressure
readings to differ The solution to this particular problem is, however, fairly straightforward It should be manned that the
higes Itetl pressure reading mishe correc one. The reason for this is that it is fairly eay to reduce the total presure at dhe
snens, but itis difficult to inrease it to a value above the free-stream masimum.

curauesctp systemas provide afairly simple flight control that isintended more for stabilbtion than for actual guidance
mad cnoLGenerally, a flied main propulsion systm ia used in conjunction with a drogue parachute, or mufaf aerodynamic
&ig, or bodh, to provids the stabillizing effeda The fins offer a partial solution, but are limited by anz constraints imposed by
the sat and cockpit geometry. A drogue parachute a a very effective means of stabillization, however. ittdevelops itsusabilizcing
maosent by generatin aerodynmami drag. At speeds above 600 keas, this drag force when added to the esaesystem dragl
flore an causs deceleration mload that esced the allowable human tolerance limits (D)R) Some systems also provide active
pitch control by meumofsaTo-sontolled vernier roket.In a"ycane,the total form acting onthe arelatielycoomrant
and the only real variation is doe to aerodynamic fores Mth the fleziilz provided by a controllable propulsion 3ytm the
Itoel force on the system can be varied to meet the requirements of the ejection.

At high dynamic pressures, the aerodynamic loads on the crew member can edthe human toeclimnits ifhisorien-
tation is not preciuely maintained. This -,because open ejection seats are inheretl unstable in yaw (Reference 2). With any
slight perturbation. the seat will yaw, and at high speeds, aallort yaw angle will create high lateral g-loach, and a consequently
high DR. on the crew member. Therefore, the first prioruyof the avionics must be to stabilize the owmember, and the second
to maneuver him. rIgure 2 illuairates the overall flow of a flight guidance system. When the amw member initiates ejection.
the seat-mounted sensors will begin to determine the attitude and acceleraio force acting on him and perform a life threat
maemrent. As the esap ystem emere into the airatreamn, the accleraton and angular rafte data will be used to determine
the counteracting moments that are required to maintain the seat in a stable attitude. After the seat is stabilized, additional
thrust for maneuvering or counteracting the aerodynamic drag will be applied in accordance with the life threat asznn
and the DR. This will provide a poestive control force from the very initiation of the escape sequence, and will eliminat the
need to wait for Mn type of deployable stabilization system to become effective. After the crew member has been stabilized
awid allowed to decelerate to an acceptable speed, either a drogue or the main recovery chute may then be deployed.
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Asstatedpreviously. the allocation of arabilizing moments manetuvering iomenta, sand addiuional thust required bydthe
ft* sment munat be balanced apinst the DR. For an escape trajectory to be opimal. it must maintain a DR value at or

jus: below that asoited with die risk level. This means that the avionics must continuallyperform teal-time DR calculations
and prditons based on the seat scceleaaions and the requested engine thrust. Because most propulsion systems do not have
an'int amount of thrust, the thrust managementsysteem must be capa"l of aflocating the available thrust in order to per.
foe. the derdmaneuver TM~i thrust management logic is illustrated in Figure 3. The highsest prirtsgivento stabllization
ins the yaw askasthis axs ias the least stable and has the lowest acceleration tolerance limits. After the yaw asanilzaron require-
metsn have been saddlfed. the roll and pitch stabilization requirements winl be satisfied. The last priority is to;icld any add&i
donal th~rust required by the lie threat assessmeentto perform the maneuver or counters acoyanic oan& This logic will allow
the escape systems to expose the crew member to the minmum required loads in order to provid a asaf recovery.

ama 
asSIMON scow o IM,

21111 IN

114"rs 3. Engne Control Logi

Carrent escape systems do not feature a means; of actilve pround avoidance other than minimi~zing the dime to deploy the
recovery paracbute; that is. the distance traveled by the crew member is minimized by deploying the recovery parachute as
woon as possie. Advanced systems will be able to sense altitude AGI, either fronm aircraft data or seat-mounted sensoms and
determine the time of the imp~ading ground iinpct. In a htigh-risk. condition, the escape system will orient itself so that the
me==u dleceleraton force can be applied to the crew member in order to stop his downward velocity. This log~c can also
be extended to enable the cre members to avoid the aircraft and each other during egress. The gemtry of the aircraft could
be stored in the avioni and the escape system flight path compared to it. Thus, the escape system wfllbe ableto avoid the
tail in a high-speed ejection, or the wing tip in a high-roll-rate condition. This type of decisin-making logic will reuquire the
use of digital avionics in advanced esaesystemts.

CONCLUSIONS

Technological advances in the fields of digital electronics. solid-state sensors, and propulsioa systems have opened the
door for new escape system designs. New sensors will provide information that was previornrsfy tnsvailsble, digital avionics will
proces that information in real timns, and a controllable propulsion system will provide the muscle to safely recover the crew
member. Any advanced escape system will require the integratton of all three of thewe subsystems in order to achieve the full
potential of each. However, it is the adaptive logic capability of the avionics that will allcw the escape system designer to take
this integrated system and make it deliver san order-of-magnitude increase in performance. By moving much of the decision-
making and control functions from the hardware to the avionics software, escape system performance that was previously only
a conceps can now becotme a reality.
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Ejection Seat Training of Jet Pilots and Weapon System Offlcers
at the German Air Parm* School of Aviation Medicine

by

Col. Dr. nod. A. 0. Amqndt, OGA. MC

German Air force Institute of Aerospace Medicine

8880 Furatonfeldbruck. V-0oerany
P. 0. Box 120A/IK?

Ejectien seat systesm have been in use since Woeld War 11 in omet jet aircraft in Air rore** all over
the world and nowadays have reached a high technical performance standard.

There is no doubt that any escpe systom can only be as efficient as its operator and uner (being one
and the same perslen) and how he knows and correctly applies it within the system performance limits.

For these reaswsn academic and practical training of pilots and weapon #yet*@ officers 4n two-esater
*irport has beoema mandatory.

The objectives of this training are as follows:
- Inform the pilot about the physical stress on his body during ejection frc. aircraft ;n order to

safe his life and avoid Injuries.
- Drill safe operating procedures of the respective escape system so they beome routine and Instinctive.

e•phasizing what can happen if the system Is not used correctly or in good time.
- Eliminate the psychological threshold to actually get out of the protecting cockpit in aase of

emergency simply by having already practised this situation in a simulator.

For more than two decades the CAP IAM has used the Martin Baker Ejection Seat Trainer thousands of
time to train airrew on It.

The advantage of this Martin-Bakesr-Triner was Its very sturdy, staiple construction po wrd only by
a simple cartridge, which supplied the system with the required kinetic energy. After activating the
system the trainee on his seat moved rapidly up an inclined guide rail after an ejection gun had been
fired. The ascent was slowed down by gravity and brakes until a standstill was reach*d. Thfn the"seat supported by a steel cable was slowly lowered to the bottom of the tower.
Increasing fair wear and tear. especially on the gun, and consequently decreasing acceleration, seat
deficienoiee - this seat never conformed to a genuine ejection seat - called for a now design. This
new construction was undertaken by the German company Rhetn-Flug•zugbau (AP) In close cooperation
with the OAF IAN. and Is presently field-teasted at our Institute.

The primary objective with this now device was to simulate ejcction from the aircraft as realistic
as possible under training conditions on the ground.

Attention should be paid to the following aspeets:
- Training should be performed under medically safe conditions; I. e. accelerations encountered should

not exceed about 2/3 of those experienced in flight ejections.
- Individual training ejections should be documented.
- Training should be economical.

Now let me give you a short description of the new training device and oeme first experiences with it.
The equipment consists of the following main modules:
- a mobile trailer (low loader)
- raisable tower including a hydraulic power unit
- a carriage with exchangeable standard ejection seats, and
- a hydraulic and an electric control unit.

The entire system Is mounted on a mobile trailer. This basic construction made or welded profiled
steel provides the required trailer stiffriess against torsion and bending. Prior to operation on
uneven ground the trailer Is levelled into the horizontal by means of hydraulic stabilizing chassis
jacks. The 13 a tower is In stowed position for transport, rests on a welded pillow clock and say
be raised and lowered by hydraulics for operation. In its final up-position the tower has an inclination
of 78 degrees. This corresponds to the angle at which the seat is ejected from the aircraft - related
to the aircraft's longitudinal axis. A pressure oil accumulator with 200 bar serves as energy source.
The power unit consists of a hydraulic cylinder with a piston. It is locAted at the lower portion of the
tower. The movable piston accelerates the catapult sled Including ejection seat and pilot - the movable
mess is about 560 kg - along an elevatirgdistance of one meter within 200 milliseconds at approximately
9 0. After this the sled plus seat and occupant Is slowed down on the remaining distance only by
gravity and coess to a halt after approximately 10 a.Arresting- and return devices protect the sled
against overshooting or separation free guide rails and slowly return it to home position.



Hydraulic control and safetst Implementations protect against exceeding almting melee. and daags.
This type of propulsion is practically without fair wear and tear and contrary to pyrotechnical
Operations my be used again and again.
The catapult sled Is designed In such a way as to accomodate any original seectlsm seat Installed In
aircraft using a quick-eounting device.

* This gadget facilitates Individual training:
Ibery pilot is trained an "his' seat. Thus the pilot is fazilisrizad with the typdica peculiarities.
i. a. position of' the f~ring handle, Its shape and the resistance it offers.
The"se erial seats are arangsd in the rear portion of the trailer. To transport them onto the sled

euea" forklift.
Th seats presently used are the S3BS/SMCZI. (In tile Alpha-Jet), the ON1 7/11537 SAMU (in the Phataotm)

and thle HK 10M1(537( DAMI (In thle Tornado).
All future systems my be utilized. These seats have been only slightly modified, a. S. they have, no
survival kit. no 0 -emrgency system or an emergency parachute respectively drapes. rn contrast.
however. thewhole ilerness-power-retraction unit functions in the same way as In the original:?

Upon activation of the &yetee the upper body iat retracted at first. When the meest starts moving arms and
leos are fixed. reot anm lower legs no longer rest on a moving and supporting footrest,* but are
suspended freely as in the real ejection situation. Thus the pilot gets a first heed experience about
thle benefits of a correct sitting posture.

Activation of the reacue system has also been modelled after realistic conditiamo In a single-seater
aircraft tile pilot normally activates the systee hisself. In a two-seater, howevea, it way also be thle

* beck-seater who activates the systee. In the ejection systee In the airers.'t Is sqged on .30711w.
as it is the case It a jet passenger Is in the bdek seat, then the pilot norsolly activates the system,
and tile rear seat tires first aMd Is only then followed by the tront mset som MS to "0 milliseonods
later.

Ona single-seat trainer this is simulated In such a way that the training 00 mosses the pert of the
pilot by mctivating the system externally from transportable control boerd attsobd to his belly like
a vendor's box.
There Is always training in a group: one sitting on the ejection seast of the trainer, the others
watching the sequence of the procedures, which would take place almsot without mey noise without the
pyrtotc!,.nical firing.
To simulate the reelisit oejection the detonation bong is generated by electronics:
The synthesizer produces a realistic bang which is heard by everyone, present via loudspeaker system.
The ejection sequence is demonstrated with a double-bang. In this way the trainee experiences the

* front-rear ejection sequence acoustically- the seat starts moving only after the second bang.

Our training device Is equipped with a little tsieeetrio system: n 0-eter is incorporated In the sled
in such a way that the actual 0-load is recorded via a emall transmitter. Throup a receiver unit the

*signal is plotted on an acaastlmto tise-diagres. The record is provided with the ID-Rusber, the type
of ejection meet used. and with the current day and ties. and hence is an individul training docusant.
The maximal acceleration and corresponding times is marked with areas$ hair*.

After approximately four months of practical training experience with this new device we round a such
higher and better acceptance among pilots compared with the old system. The strafe or funn~y look
or this -blue monster- at first does not stimulate enthusiasm. But after the first shot the oldies
especially verity that this typo of training Is extraordinary useful and even inislpensable for thee.
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fIB UMsA ADVWACID Dy NIC ANTHROPONORPHIC MANIKIN - ADAM

Baoy A. Rasmussen, ADAM Program Manager
late Kaloepe PhD, Chief of the Modeling and Analysis Branch

Siocynamice and Bioengineering Division
* Barry G..Armmtrong Aerospace Medical Research Laboratory

Wright-Patterson AfB OH 45433-6573
USA

SUMMARY

Ejection from aircraft at high speeds poses severe injury hazards to the
croewmsmer. As performance characteristics of aircraft are further improved, the
protection capabilities of ejection systems must also be improved to assure the
safety of the crewuember. The demonstration of these ejection system improvements
requires extensive testing with manikins to effectively evaluate the performance
of the ejection seat and assess the injury potential to the crewmember. The
United States Air Force (USA") has embarked on a new effort to design and develop
an Advanced Dynamic Anthropomorpaic Manikin (ADAK) with improved human-like
fidelity and data collection capability over currently available escape system
testing manikins. This effort has resulted in the development and fabrication of
two prototype (one small and one large) instrumente4, anthropomorphic manikins for
testing and evaluation and the production of ten manikins to be used in ejection
and other protection system testing. Discussed will be the design objectives and

resulting features of ADAM and a summary of testing results for exposure to
extreme temperature and humidity environmentsa Us low level vibrationi and Gx, Gy
ano Gs whole body impacts.

INTRODUCTION

The use ot mechanical human surrogates or manikins is becoming a more common
ana relevant approach for assessing the proper operation and safety of ejection
and crash protection systems and procedures. Early manikins were developed to
provide inertial loading similar to that of the human body and were primarily used
to test the proper operation of harnesses, seat structures and ejection seats. In
these teats the concern was with the response of the equipment as affected by the
inertial effects of the human body. Typical manikins used for such applications
were developed by Sierra and Alderson in the 1950a primarily to provide human-like
ballast for ejection seats. While their overall mass distribution properties were
quite good, their joint mobility and body flexibility were very limited. This
resulted In highly rigid responses to external forces and internal dynamic
measurements that did not compare well to human responses for similar exposures.

A new generation of manikins was developed in the 1968a and 1979s, primarily
driven by increased emphasis on road motor vehicle safety. The most common of
these is the Hybrid II manikin originally developed by General Rotors and adopted
by the National Highway Traffic Safety Administration as the standard automotive
safety compliance testing manikin. This manikin, most commonly known as the Part
572, ano considerably improved human-like fidelity. It was designed to provide
int~rnal response measures that could be correlated to equivalent human responses
and possibly# the likelihood of injry. Several other manikins were developed in
tee Unites states, Great Britain and Sweden in tnis same time period that
attempted to improve response characteristics, but none achieved the degree of
standard acceptance as had the Part 572 manikin. In the late 1978a General Motors
developeo the Hybrid III, which baa improved biofidelity and instrumentation
capability over the Hybrid 1I.

This evolutionary process din improve the state-of-I.he-art in manikin design
sophistication, biofidelity and response measurement capability. Most of it,
however, was directed at road vehicle safety design considerations with
considerable emphasis on chest and heao impact responses, horizontal impact events

and testing under highly controlled conditions. Attempts to use these types of
manikins in aerospace environments led to the identification of a number of
shortcomings. These included (1) the lack of proper dynamic longitudinal spinal
axis response (the predominant loading direction for aircraft related force
esposures), (2) the use of an umbilical cord for data retrieval requiring a
separate data acquisition system which in turn limits the freedom of manikin
motion and (3) durability sufficient only to withstand relatively low forces
compared to those encountered in aircraft crashes or escape from aircraft.

To address these shortcomings, the USAF has pursued the development cf an
Advanced Dynamic Anthropomorphic Manikin (ADAM) to be used in the testing of
escape systems and various crew protection systema and procedures. Its first

testing application will be in the USAF Crew Escape Technology (CREST) advanced

S ejection seat, woere it will be used to validate the operation of th_ vectored
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thrust rocket ejection seat under realistic human-like payload conditions. The
manikin development effort was initiated in September 1985 and has resulted in the
fabrication ot a small and a large prototype manikin. Design emphasis has been on
the manikin providing a human-like reactive lend into the ejection seat and
possessing realistic dynamics ann kinematics due to windblast, impact, vibration
and acceleration forces representative of those encountered during ejection from
aircraft.

AMTHROPOKETRX

The mall and large ADA•a are based on a USA? male aviator anthropometric
survey conducted In 1967 with the specific dimensions and inertial properties
taken from ttn-service (US Army, Navy and Air Force) recommendations. They are
based on multiple stature and weight regressions on the 1967 USA male flying
personnel survey data corresponding to approximately 3rd and 97th percentile
individuals with a projected time growth factor for the year 1998 (Ref. 1). The
manikin boay7 ias 17 articulating segments consisting of the head, neck, upper
arms, lower arms, hands, thorax, aboomen, pelvis, upper legs, lower legs and feet.
Figure I shows a smell ADAM with skin coverings in place. The design requirements
ancluaes (1) articulating joints for the shoulders, elbows, wrists, hips, knees
and ankles as well as articulations for the spine, including the neck, (2)
appropriate joint ranges ot motion and joint resistance properties, (3) weight of
eacn body segment along with the total bony weight for both manikin sixes to be
within the tni-service specifications, (4) segment surface contours to conform as
much as possible with corresponoing human shape for each size manikin, (5) segment
moments of inertia, centers of gravity locations, and joint centers of rotation to
be within the tnl-service specifications (Ref. 2). Figure 2 shows the ADAK joint
ranges ot motion. Figure 3 illustrates the use of the Space Electronics Mass
Properties Measurement System used to determine the center of gravity and moments
ot inertia of all the ADA" segmentn.

JOINT STRUCTURE

The design for ADAM stresses faithful human joint articulation and torso axial
deformation to properly reflect the sass shifts and limb motion, as well as
aynanic spinal compression, that an actual crewsember would experience during a
whole booy abrupt acceleration ad windblast exposure. ADAM has articulating
joints for the shoulders, elbows, wrists, hips, knees and ankles as well as
articulations for the lower spine. All the joints with the exception of the neck
and spine, are single or Compound revolute joints with precisely defined axes
orientations, joint stops with soft snubbers, adjustable friction pads for joint
resistance and position sensing potentiometers. These features can be seen for
the knee ano shoulder joints in Figures 4 and 5, respectively. A standard Hybrid
II manikin need &nd a Sybrid III neck were used. The axial spine element is a
combined spring and hydraulic damping element which is tuned to provide
longitudinal impact response with a natural resonance in the .3 to 12 Ba range.
Re-tuning may De accomplished by spring replacement and use of a different
viscosity hyoraulic fluid. Below the axially deforming spinal element is a
universal joint that allows for yaw motion as well ss flexural and lateral
bending. This compound articulation is approximately in the lumbar anatomical
region and provides the only bending articulation in the torso. The total spine
structure is shown in Figure 6.

IN8TRUMBSTATION DESIGN

The total instrumentation and data acquisition system for ADAM is a
substantial advancement over any other current manikin. A Notorolls 68021 32-bit
microprocessor controls the entire data acquisition process and is located in the
thorax. The instrumentation system provides for signal conditioning, analog to
digital data conversion and pre ano post test calibration of each channel. The
system interfaces with many different types of sensors including accelerometers,
pressure gauges, velocimeters, strain gauges, temperature sensors, position
sensors and the like. In its standard configuration, the system can collect 128
channels of sensor information at If$# samples per second per channel (72 channels
with full signal conditioning on the manikin and 56 preconditioned channels
external to the manikin). All 72 ADAM channels have individual anti-alissing
low-pass filters with computer controllable cutoff frequencies up to 201 as. The
system configuration can be modified by a hand-held diagnostic unit to change the
number of channels, the sampling rate and the filter bandwidth. The
instrumentation system nA& 512 kilobytes of static random access memory (RAN) to
store test data ano ass an internal back-up power source to prevent data loss if
power is inadvertently lost after a test. Data can also be collected during a
test using an On-board pulse code modulation (PCX) telemetry transmitter and a
]head mounted antenna. This technique can be used with a landline link or with a
tradl link to a receiving station. During a dynamic test, data can be telemetered
in near real time via the on-board telemetry transmitter and/or stored in on-board
memory for download following completion of the test. Shown in Figure 7 is a
small ADAM with the upper torso, right arm and right leg skins removed to show the
instrumentation package located in the thorax area, a battery storage compartment
in the upper leg and the head mounted antenna used for data transmission. The
circuit board conliguration, from the rear view, is shown in Figure 8.
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Ta. avallsbility of 128 channels of data allows extensive monitoring of the
manikin's responses as well as collection of external data. ADAM has been
aesigned rag measurement ot three orthogonal acceleration components (tri-axial)
in the head, thorax and pelvis six force and moment components both between the
head and the neck and between the lumbar spine &no the pelvisa and the position of
all revolute joints. Additionally, load cells ar, located at the joints in the
lover legs to measure torsional moments. Figure 9 shows the location of a number
of ADAM transducers. A listing of these transducer channels, including ones for
internal temperature and parachute riser ldads, are presented in Table 1.

Four pieces of primary support equipment can be used with the ADAM's
instrumentation system. They are the Field Power Supply, the Decomsutation
System, the Data Retrieval and Storage System and the hand bold Control and
Diagnoetlc Unit.

Toe vial* Power Supply (Pps) is a recnargeable power supply that was designed
to supplement ADAM's on-board batteries. The FPS contains its own rechargeable
battery Which electronically circumvents ADAI's on-board batteries whenever it is
connected and placed on-line. The Decommutation System is used as a landline
telemetry link tot real-time data acquisition during tests and as a diagnostic
tool for the on-board telemetry system. The Data Retrieval and Storage System
(DJRAS) Ott-loacs data from ADAM's on-board memory and stores the data. A high
spend parallel port is located on ADAM's instrumentation system to download data
to the DRABS8, which takes approximately four seconds. The DRABS is the link
between ADAM and a device for permanent data storage and/or analysis. The DRASS
can communicate with a wide variety of computers, printers and terminals using a
standaro RS-232 or RS-422 serial port at various baud rates. The hand held
Control ana Diagnostic Unit (CDU) Is used to access a comprehensive set of
diagnostic& to test the system operation and to provide assistance in system
calibration and hardware tr~ouble shooting. figure 13 shows the ADAM with its
support equipment.

ADAM COMPLIAiCS TESTS

ADAM was subjected to a series of rigorous tests to ensure that it performs to
tne assign specifications. The tests were aesigned to duplicate the environmental
conditions to which ADAM will be subjected during an ejection test at Holloman APB
MM in support or the CRBST oevelopment program. This section describes a number
at tests conducted by the USA" to evaluate ADAM. It also provides a summary of
tno tests, hut is not meant to be an in-depth test report since many of the tests
nave recently been completed and further data analysis is still to be performed.

Gs Vibration Teats. The Gx vibration tests were conducted to determine ADAM's
spinal dynamic response and to test the functional integrity of the
Instrumentation system under vibration conditions. The tests were conducted on an
Onholtz-Dickie vibration table (Figure 11). Data collected in the tests included
theo orce between the seat and vibration table, velocity of the seat, and driving
point impedance (magnitude and phase) between the manikin and the seat. In the
ixrst series ot teots the frequency range covered wan 3 to 33 Dx in 1 Hs discrete

incres'nt& and at low acceleration levels (Small ADAM - 8.2 and 1.4 G and the
large ADAM - 0.2. 0.3 and 6.4G) typical ot those used for human impedance
seasurem.nt testing. In the second series of tests, the primary concern was the
ADAM instrumentation system durability and possible mechanical resonances from 33
to 200 ns that might lead to structural electrical system damage. Preliminary
teot results indicated a resonant frequency of approximately 12 Hz for the small
ADAM ano 9 Rx for the large ADAM. These values correspond to the 13 Hx natural
resonance trequency designed into each manikin for spinal dynamic response. No
structural system o*mage or data collection problems wore encountered during the
vibration teats.

Vertical Drop Tower Tests. The primary purpose of these tests was to evaluate
too durability of the ADAM mechanical structure, sensors and data collection
system for Gs impacts up to 24 Ga and to determine the degree of improvement in
dynamic response simulation provided by the ADAM versus the manikin currently used
tor ejection seat tests, the Grusan-Alderson Research Dummy (GARD). Since the
ADAM will be used to evaluate the performance capability of the CREST technologies
demonstration seat, it was vital that the dynamic response properties of the ADAM
be measured in a realistic context. Therefore, the use of seat cushion. and
restraints associated with CREST were used in the tests. A rather extensive
program was conducted to determine not only how ADAM responds to vertical im;acts,
but also bow humans and the GARD manikin respond under the same impact conditions.
The tollowing tasks were performed an part of this programs (1) measurement of
the dynamic response of the human booy during +%-axis impact with seat-back angles
of I and 13 degrees, (2) measurement of the dynamic response of the ADAM
prototypes during +1-axis impact with seat-back angles of 13, A and -10 degrees,
(3) measurement of the dynamic response of the GARD manikins during +Z-axis impact
vith seat back angles of 10, 3 and -13 degrees, (4) measurement of the dynamic
response ot human subjects, the AUkM prototypes and the GARD manikins With and
without seat cushions, (5) measurement of the dynamic response of human subjects,
the ADAM prototypes anr the GARD manikins with the CREST X-band 93 degree and



PCD-lS/P restraint harnesses, (6) demonstrate the structural integrity of ADAM
prototypes and instrumentation systems and (7) demonstration of the functional
capability of the ADAM Instrumentation system.

A generic seat was used during the tests that was fully Instrumented to
measure seat deceleration, lieas applied by the test subject to the seat back and
pan an .h .rness tie-down loads. The tests used the CURT I-band 90 degree and the
PCU-15P harness to restrain the teot subject and were attached to the test fixture
througa loan cells so that subject-applied harness loads could be measured. Night
channels of ADAM data were recorded through three different paths and msesured,
(2) Bead I acceleration, (2) Bead 5 acceleration, (3) Chest X acceleration,
(4) Lumbar S acceleration, (5) Lumbar 9 force, (6) Meck S force, (7) Right kn*e
fiseion ana (8) Left elbow flexion. These eight ADAM data channels were connected
in parallel to the Automated Data Acqulsition Control System (ADACS) of the test
facility which served as a standard for comparing data obtained by the following
two met&o*s. The oats from these ease channels were obtained from the output of
tie telemetry port of the ADAM system ano from the on-board ADAM memory system.
Comparison oe the data recorded by these two different methods against the
standard (ADACE) was used to provide an evasuation of the functionality and
accuracy of the ADAM's telemetry and Memory systems.

Nocisontal Impact Tests. The specific objectives of these tests were to
(1) odeonstrate the ADAM structural durability and data acquisition system
reliability (comparing data obtained via the ADACa, ADAM on-board memory and
telemetry), (2) measure the dynamic response of the ADAns during -X-axis and
-r-axis impacts by measuring the restraint load-time histories and body motion and
then comparing It to existing human test data and (3) demonstrate the stability of
the ADAM electronics with respect to pr•-test sensor sensitivities.

Aul tne tests weeS conducted using the AAMRL Xmpulse Acceleration facility at
Wright-Patterson AT O. The experimental teast fixture was the *40-G seSt* on a
17 degree wedge (used in -IX-axis testing only), mounted on the Impulse
Acceleration sled and muditied to represent the CREST most in an F-16
configuration. For the +Y-axis tests, the seat back was reclined 13 degrees from
the vertical. The I-Sand 45 degree restraint harness and the I-Band 96 degree
restraint harness were used for all tests. Each manikin contained the following
sonsoras trin-axial linear accelerometers mounted in the head and cheat,
six-component load ceils mounted In te hbead/neck and pelvis and an externally
mounted trn-axial chest accelorometer. Pbotograumetric data was recorded during
seac test by nigh speed cameras mounted on the sled at oblique and right angles to
tne manikins. Preliminary results have demonstrated that both ADAMs successfully
passea tests of up to 45 Gs -Z-axis and 14 Gs ÷Y-axis impacts without permanent
detormation or tailure or mecnanical structures and the instrumentation system
operated and maintained structural integrity.

Environmental Tests. This series of tests was designed to expose ADAM to an
environment similar to the one it is to operate In. The main objective of the
thermal tests was to evaluate the functional integrity of the instrumentation
system undor thermal conditions for temperature ranges of 32 to 158 degrees
Fahrenheit (9 to 76 degrees Centigrade) and humidity ranges of 6 to 98 percent
relative humidity. The small ADAM was placed in an environmental tsot chamber and
exposed to the oallowing combinations of temperature and bumidityt 1) high
temperature and high humidity, 2) nigh temperature and low humidity, 3) low
temperature and high humidity, and 4) low temperature ano low humidity. Each test
was four hours In duration. ADAM data Was collected from both the on-board memory
and from the telemetry output. Comparison of the data recorded by the two sources
was used to provide an evaluation of the functionality and accuracy of the ADAM
telemetry and memory system during extremes in temperature and humidity. One
problem was discovered ouring the tests. At approximately 146 degrees Fahrenbeit,
with the manikin fully powered, the central processing unit failed. At the time
of t•llure the internal temperature in the instrumentation enclosure caused by
heat buildup was 226 degrees Fahrenheit. While th central processing unit failed
at this temperature, no permanent damage resulted u.ad total functional recovery
occurred after system cool down. Further tests are planned to investigate this
problem. Cooling devices may need to be inrtslled in the instrumentation
enciosure to dissipate heat for operation in high ambient temperatures. Cold
temperatures and varying humidity levels did not affect the operation of the
instrumentation system.

BUMMARY

The ADAM has been designed not only to provide correct reactive loads into the
harness, seat and any other interactive structures, but to also be sufficiently
internally biofidelic so that its internal response measures may be related to
equivalent human responses under the same exposure conditions. The information
acquired from ADAM will provide unique and valuable insights into the responses of
tne combined ADAM and ejection seat system to high-speed windblast, impact,
vibration and acceleration forces. Perhaps more importantly though, it also will
provide evidence as to how these combined forces will affect the crownember and
allow a realistic assessment of his changes for survival. While substantial
validation still needs to be performed, the biofidelity and extensive response
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measurement capability of ADAM ahould make it a powerful tool for the safety
aessessment of aircraft subsystems and procedures.

future refinements to ADAX currently underway include developing composite
segment& for more anatomically correct inertial and bone-like deformation
properties &no an improved neck to provide more human-like responses in forward
and lateral impact directiona.

RZB,3RNCJS

1. 'Anthropometry and Mass Distribution for Human Analogues, Volume 1: Military
Male Aviators*, RtMcn 1988, AAIMLR-TR-88-916 .

2. USA" Contract P33615-05-C-9535, Advanced Dynamic Anthropomorphic Manikin
(ADA"), Systems Resenrcb Laboratories, Inc., 11 September 1985.
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Windblast Protection for Advanced Ejection Seats
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SUMMARY

The United States Air Force is currently engaged in an advanced development program
to demonstrate the feasibility of extending the capability of open ejection seats to
700 KEAS. The probability of Injury at this airspeed is estimated to be 100 percent.
based on the current Injury statistics. Past approaches to uindblast protection have
Involved the us* of harnesses and limb tethers which have proved to be unacceptable to
pilots. Therefore, advanced anoncumbering techniques are required to provide the needed
protection. The USAF has developed and tested a windblost protection concept that
utilizes high-strength, deployable fabric panels. The panels capture and slow the
aerodynamic flow impinging on the ejection seat occupant's extremities and torso and
reduce the probability of windblast Induced flail injury. Mind tunnel tests were
conducted in low- and high-speed wind tunnels usin one-half scale models of a fiftieth
percentile crewman and ejection seat as well as full-scale manikins and modified ACES
11 ejection seats equipped with the flow-stagnation panels. The tests were accomplished
to determine the degree of protection for the crewoember. the Influence of the flow-
stagnation panels on ejection seat aerodynamics, and the effects of design changes to
the panel shape and material. The wind tunnel tests have demonstrated the protective
potential of the flow-stagnation concept, but classical aerodynamic and windblast tests
have indicated the configuration of the panels Is critical to the protection of the
crewmember's head. Configuration of the panels is also critical for the reduction of
the total loads acting on the creumember and seat combination. Without passive
aerodynamic reduction of the forces and moments, a larger catapult and stabilization
system thrust must be used to maintain stabilized flight through the ejection sequence.
An overview of the flow-stagnation wIndblast protection system tests, the Implications
of its use and required future tests are discussed.

INTROOUCTION

An unfortunate George Smith was forced to eject from his F-IOOA over the Pacific
Ocean on February 26, 1955. The altitude at the time of ejection was between 5OO and
7000 feet. The aircraft was travelling at 675 KEAS in a near vertical dive meaning
that Smith encountered dynamic pressures in excess of 1500 pounds per square foot psf)
during his entry into the airstream. As a result of his experience, Smith received
multiple injuries but none of them proved to be fatal. These Included Internal
hemorrhage, concussion, hip joint sprains, and an intestinal obstruction due to a
perforation of the intestine which was believed to occur during the ejection es well as
a plethora of other minor ailments. Following his accident, researchers made thd first
attempt to quantify the forces and accelerations endured by the pilot and correlate
them to the actual injuries sustained. A series of high-speed sled runs was conducted
at the Air Force Flight Test Center, Edwards Air Force Base to measure seat and manikin
accelerations and calculate the forces occurring during test ejections designed to
simulate Smith's experience (1). It was concluded that the medical findings were
consistent with the pattern of accelerations and forces calculated during the simulated
ejection tests.

Surveys conducted later were more complete in describing the relationship between
aircraft speed at the time of ejection and injuries sustained (2). Statistical
ejection data from United States Air Force (USAF) was used to relate the frequency and
severity of windblast Injuries to aircraft speed. Given the average speed of ejection
as determined from this study, 225 knots indicated airspeed (KIAS). the expected injury
rate was only 3 percent. However. if this figure were to increase by SO knots, as In
the case of combat situations where slowing to optimum speeds before escape Is not
possible, the Injury rate would rise to 7 percent. A further increment of SO knots to
32S KIAS would result In a 13 percent Incidence of flail injury. Also, the average
speed of ejection resulting In major Injury was found to be 414 KIAS for USAF ejection
experience through 1970. The analysis clearly shows that injuries caused by the forces
end accelerations during ejection have the potential for Increasing in a nonlinear
fashion to a point at whicl there Is a 100 percent certainty that an ejecting
crewmeeber will receive a windblast injury above 600 KIAS.

Other researchers have Investigated the correlation of ejection-induced or
windblast Injury and USAF election experience to produce a 'probability of flail
Injury' curve as a function of aircraft speed at the time of ejection (Figure 1).
Payne described the relationship between flail injury and ejection airspeed and
demonstrated that the probability of flail Injury is normally distributed by the square
of the Indicated airspeed (3). In 1978, Balk categorized flail injuries against
aircraft type, airspeed at the time of ejection, method of initiation of ejection
(sequenced, 0-ring. face curtain, sidearm, or Inadvertent) and presence or lack of
restraint systems designed to prevent flail Injuries. The resulting injury curve, that!1_______ ______,i
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were generated show the same relationship between the probability of flail injury and
* ejection airspeed that the e*rlier analyses produced (4). Balk's work also showed,
* however, that tha average ejection airspeed was increasing with newer aircraft. This

resulted In in increase in flail injury as predicted by the probability of injury curveSversus ejection airspeed. It appears that the occur-ence of windblast injury would be
a limiting factcr In judging the performance capaoilities of emergency ejection seats.
Windblast countermeasures will be essential if these capabilities are to be extended to
higher airspeeds.
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FIGURE 1. PROBABILITY OF INJURY VS. EJECTION AIRSPEED

PHYSICS OF WINOBLAST RESPONSE

Understanding the physical processes that occur during windblast Injury are
necessary in order to design an effective countermeasure. Fortunately the physical
processes which produce windblast injury are well understood (5). There is great
disparity between the forces acting on the extremities of an ejectee and those acting
on the seat during ejection into a high-velocity windstream. The limbs are forced
outward (to the side) and backward due to the direction of the aerodynamic flow, and
because of their higher drag characteristics they decelerate more rapidly than the
torso and seat. If the arms and legs are dislodged from the seat by the aerodynamic
and inertial forces and if the airspeed is sufficiently high, the extremities are
injured when joint strength is exceeded or when the long bones are fractured by contact
with the seat structure. Injury of the cervical spine is caused by tension, bending,
and/or shear loads resulting from inequelities of the aerodynamic forces and
accelerations acting on the head and neck.

PROTECTION TECHNIQUES

Solutions to the problem of preventing windblast injuries include many ideas on
restraining the motion of all extremities and reducing the loading occurring on the
limbs by altering the aerodynamic flow as %ell as reducing the inertial loading.
Conventional approaches to windblast protection have used extremity restraints such as
leg garters and arm sleeves with encumbering straps which must be donned and attached
to the seat. Head and neck protection concepts have restricted mobility, added bulk,
presented actuation problems, and frequently created added injury hazards. Therefore.
conventional windblast approaches have not been readily accepted.

The approach to crew protection for emergency escape at high airspeeds has been
encapsulation of the ejection seat (as in the B-58 and 9-70 escape systems) or use of a
separable cockpit as an escape vehicle (as in the F/FB-111 aircraft). However, both
systems have considerable weight, cost, and low-altitude performance penalties.
Therefore, new approaches are being considered to reduce the risk of windblast injuries
in open ejection seats. These include the use of both active restraint, requiring the
occupant to take action to don the system, and passive devices that provide protection

.4



by reducing the aereodyamic flow impinging on all or a portion of the seot-occupant's
body.

State-of-the-art ejection seat stabilization Is a major factor that constraims the
design of an effective mindblest protection system. Wind tunnel test data end the
results of rocket sled tests have demonstrated that ejectioenseats have not achieved
adadquate directional stability at high-speed. This problem severely compromises the
effectiveness of side panels and sets which are mounted to the sides of the seat and
Intended to prevent extremity flail injuries. However, directional central has been
Improved In the recent generatioa of ejection seats and farther advancements are
anticipated In the next decade. Therefore. protection schemes predicated upon Improved
seat stabillzatiem may have merit as loager term solutions.

THE FLOW-STAGNATION CONCEPT

The USAF has developed and tested a windblast protection Concept that otilizes
high-strength, deployable fabric panels (6). The panels capture and slow the
aerodynamic flow impinging on the ejection seat occupsat's extremities and torso, and
they reduce tie prbabi lity of uindblost-ondiced flail I&Jery. This captured air, or
stagnated flow, then diverts the high-velocity airflow around the seat occupant. The
creomember sits In the flow-stagnation region which eliminates the large differential
pressures which would act to dislodge his limbs. One of the flow-stagnation
cofilgurations currently being studied uses a fabric fence erected around the
seat-occupent1s head, torso, end upper legs prior to ejection (Figure 2).

OVERVIEW OF FLOV-STA4NATION PROGRAM

The effectiveness of the flow-stagnation concept has been evaluated by wind-tunnel
tests utilizing both scale-models and full-scale test ejection seats equipped with
panels and operational hardware. The scale-model tests were accomplished to determine
the concept feasibility, the loads acting on the crewoenber. Mach number effects and
the effects of panel size on the amount of protection given to the creweember. The
full-scale tests were run to evaluate the effects of the flow-stagnation panels on seat
performance.

During the scale model tests, a one-half scale model of a creweember and ejection
seat was used. The size of the stagnation fence was varied from an estimated maximum
feasible size to 26 percent of those dimensions. The maximum-size fence configuration
protruded 12.S In forwerd above the occupantis helmeted head, 9 in forward at
mid-helmet level. 9 In forward at upper-arm level, and 6.75 in upward from the seat
sides by the lower-orm (full-scale dimenslons).

The data collected during these tests indicated that the flow-stagnation fence is

very effective. Pressure measured at various points within the cavity bordered by the
fence showed the degree of stagnation ranged from 80 to 100 percent when the maximum
fence was used and SO percent when the fence dimensions were reduced by one half. The
pressures measured on the seat-occupant's holmet visor and chest wore raised only
slightly since these areas are normally regions of stagnated flow. The loads measured
by the force-neasuring devices within the seat-occupant model showed major reductions
when the flow-stagnation fence was used. For example, previously eassured vertical
forces of approximately 1000 pounds acting on the head were reduced to near zero over
the range of pitch angles tested. The axial forces acting on the head were reduced to
near zero when the fence size was SO percent and were negative with the
maximum-dimension fence. Negative forces indicate that the force was now acting in the
opposite direction. The sideward forces acting on the head and arms were also reduced.
The stagnation fences affected the vertical force on the lower arm in the same manner
as the head.

Forces and moments measured to evaluate the Influence of the fence on the
aerodyna2ic properties of the model revealed several significant changes in the
stability characteristics. First, the pitching-moment cuifficient was reduced. This
is a beneficial effect since the model without the fence has a significant negative
pitching moment. Second. the addition of the fence had practically no Influence on the
yaw moment. Third. the drag coefficient of the model nearly doubled when the maximum
size fence was used and Increased by 75 percent when the fence size was reduced by one
half. Fourth, the force coefficient acting perpendicular to the wind vector Increased
from -0.11 to -0.56 when the full-size fence was added. Reduction of the fence size by
one half did not produce a major change In this effect.

Mach number elso had a significant effect on the aerodynamic forces acting on all

the limb segments of the basic model. The limb forces generally increased with
increasing Mach number. However, when the flow-stagnation panels were added, the limb
forces were reduced again to nearly zero. Although the lift values for the head
Increased slightly with increasing Mach number, the values remained low in magnitude.
The protection afforded by the flow-stagnation panels was effective for all limbs up to
speeds of Mach 1.2 (7).

The crewman/seat model was not believed to be a reasonable indicator of seat

performance characteristics with the flow-stagnation panels attached. Since the
crewsember's limbs were extensively instrumented, the flow-stagnation panels wore
purposely built outboard of the arms so thht there was no possibility of Interference.
Interference between the flow-stagnation panel and limb ouvld have altered or made the
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measurement impossible. The mounting structure for the flow-stagnation panels was
reasoned to increase total seat drag and normal forces because of the Increased
projected frontal area. These increased loads would tend to increase alr-ady high
deceleration loads and sink rates. A larger catapult and rocket motor would be
required to compensate for these effects, and the weight and volume requirements for
the additional propellants would preclude the use of the flow-stagnation panels.

To circumvent the difficulties of using instrumented scale models to evaluate the
effects of the flow-stagnatton panels on seat performance, full-scale tests were
conducted. Prototypes of the flow-stagnation panels were fabricated and attached to an
ejection seat. A total of seven flow-stagnation configurations were tested during two
wind-tunnel test series. Human subjects were used during the test program and were
outfitted with minimal flight gear. The full-scale static aerodynamic coefficients
that were found with a flow-stagnation configuration similar to the one tested on the
scale model, indicated significant improvement. For example, the total seat drag was
40 percent greater than the drag measured for the baseline. The same measurement for
the model indicated a 100 percent increase. The normal force coefficient showed a
positive increment over the baseline configuration. The remaining aerodynamic
coefficients reflected the trends observed in the scale-modal wind tunnel tests.

Further Investigation of the high drag valves was accomplished with the use of
smoke Injections into the windstream. The smoke was injected upstream of the model.
and the flow over the model was observed. With the baseline model (no flow-stagnation
panels) the smoke was swept around the crewember and wes quickly dissipated behind the
seat Into a low-pressure region. The smoke flowfield swept a different apparition when
used on the model fitted with the flow-stagnation panels. The smoke was observed to
dissipate almost Immediately to the side of the panel after it passed the leading edge.
This was an indication that the low-pressure region was larger for the flow-stagnation
configuration than that of the baseline. If the airflow separation were moved
downstream, the low-pressure region could be reduced or eliminated and the total drag
acting on the seat/crewmember combination would be reduced.

Follow-on. full-scale wind tunnel tests were designed to shift the point of airflow
separation aft of the leading edge of the flow-stagnation panels. Principles of thrust
vectoring were used to locate efnt locations along the flow-stagnation panel where the
flow separation was observed to occur. The venting allowed the high-pressure airflow
from within the stagnation volume to enter the separated region along the side of the
seat, re-energize the boundary layer, and delay flow separation. Three vented
configurations were tested with each configuration allowing more venting than the
previous one tested. The third configuration had venting locations at the leading edge
of the flow-stagnation panel, mid-panel and rear edge of the panel (Figure 3). The
total drag of the crewnember and seat combination was significantly reduced for these
configurations. Improvements of 26 percent in total drag were measured for the
three-vent configuration. The drag or axial force coefficient values for the various
panel configurations are Shown In Figure 4.

FIGURE 2. FLOW O C P F . V D F

FIGURE 2. FLOW-STASNqATION CONCEPT FIGURE 3. VENTED FLOW-STAGNATIOh PANELS "* '
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Nilg pressure atrflow was also Introduced Into the low-pressupi regions surrounding
the seat through porous fabric used in the construction of the flow-stagnation fence.
In those configurations, the high energy airflow would be perpendicular to the general
airflow surrounding the seat. The porous flow-stagnation fences would be simpler to

manufacture and, theoretically, should transfer the high energy air more efficiently.
However, the wind tunnel tests indicated that the porous fences increased the orag
significantly and no further tests were done with these materials (8).
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FIGURE 4. TOTAL SEAT DRAG VS. ANGLE OF ATTACK, VENTED CONFIGURATIONS

APPLICATION Of CONCEPT

The U.S. Air Force Is currently conducting an advanced development program called
the Crew Escape Technologies (CREST) Advanced Development Program under the direction
of the Human Systems Division of the Air Force Systems Command. The objective of the
CREST program is to develop and demonstrate, through full-scale testing, new escape
technologies required to reduce fatalities and major injuries In future aircraft
ejections. Extending the high-speed performance limits to 700 KEAS is a major goal of
the program. Currently, the flow-stagnation concept is the windblast protection
technology that is being demonstrated, along with other critical subsystems such as
crew restraint, advanced propulsion and digital flight control. The lo•ing Advanced
Systems Company is the prime contractor responsible for the effort.

The CREST configuration for the
flow-stagnation fence is significantly
different then the designs tested
previously (Figure 5). The fence design
consists of an upper section made of
high-strength tavlar fabric attached to the
seat back. This upper section forms a
bonnet for the creweember and acts as the
flow-stagnation fence. The lower section
on each side of the seat Is made of net
material designed to entrap the
arms. The arm retention net consists of a
triangular-shaped piece of material with a
flexible cable routed through the leading
edge of the entire fence. The aft edge of
the arm retention net Is attached to the
seat sides. The arm retention net and
deployment cable are stowed with the
flow-stagnation bonnet. The assembly is
deployed during ejection initiation with
the bonnet and arm retention net being
pulled Into place tightly with the leading
edge cable and cable-to-seat attachments.
Deployment Is powered with a linear
actuator and capstan. For lower extremity
restraint, the seat side structure is
extended forward and fit with deployable 9"
metal panels that are designed to prevent
foot rotation. When deployed, these panels
are located on both sides of each foot.
Witt this anti-rotation panel design, the legs FIGURE S. CREST WINDILAST PROTECTION
must be raised to make sure the feat are ASSENSLY



positionad above the bottom edge of the panels. The foot panels are also deployed the
instant the ejection handles are pulled. They are mechanically connected with a
latching mechanism to the ejection handles. When the handles are pulled. the panels
rotate and lock into place (9).

The CREST design requirements for the windblast assembly were that the lift loads
acting on the head and neck would not exceed 300 pounds and the side loads would not
exceed 50 pounds during a stabilized eJection trajectory. This applies throughout the
escape envelope which Includes ejections at dynamic pressures up to 1660 pif. Drag
loads on the head were not specified since the aerodynamic and inertial loads were
expected to be reacted through the headrest of the ejection seat. The design goals for
the CREST windblast protection assembly were established using the probability of
injury for various ejection airspeeds and wind tunnel data collected using scale models
designed for measurement of the aerodynamic loads acting on various segments of the
crewmember s body.

CREST MIND TUNNEL TESTS

Boeing conducted wind tunnel tests at the Arnold Engineering and Development Center
to gather aerodynamic data on the crewmember and seat combination and to verify the
design of the windblast assembly (10). The tests were conducted in two different
tunnels: the 16 X 16 foot transonic tunnel and the 16 X 16 foot supersonic tunnel. In
the transonic tunnel, the investigation was run at Mach numbers from 0.6 to 1.5 at
angles of attack from -25 to 90 degrees and sideslip angles from -30 to +30 degrees.
In the supersonic tunnel, the data were obtained at Mach numbers 2.0. 2.5 and 3.0 at
angles of attack from -10 to 70 degrees and sideslip angles from 2 to -18 degrees. The
dynamic pressure was varied from 135 to 400 pst and 117 to 250 psf in the transonic and
supersonic tunnels, respectively.

The crewmember and ejection seat were one-half scale models that Included
sufficient detail to aerodynamically represent the geometry of the CREST seat
configuration. However, the wind tunnel model was not equipped with anti-rotation foot
panels located along the instep. Overall crewmember and seat forces and moments were
measured by a six-component, internally-mounted balance. The creweember was
listrumented to measure the aerodynamic forces and moments acting on the crewmember's
limbs plus static pressures located at various critical points on the manikin. Of
specific Interest were the aerodynamic drag loads acting on the seat as well as the
side and lift loads acting on the crewmember's head.

The total forces and moments measured on the CREST seat with a windblast protection
assembly were significantly different from those measured on the basic configuration
not equipped with a windblast protection assembly. High axial-force (drag) and
pitching-moment coefficients were measured. At the designed trim position of 30
degrees, the increase in magnitude of the axial-force and pitching-moment coefficients
were approximately 60 and 150 percent, respectively, at a Mach number of 0.6. The
magnitude of the axial-force coefficient as well as the normel-force coefficient
increase with increasing Mach number up to approximately Mach 1.3 (As much as 0.4 for
the axial-force coefficient). Above Mach 1.3. both force coefficients remain
essentially constant withuincreasingMac nuber. aFor typical open ejection neat
configurations, the maximum axiasl- (da) and normal- lift) force coefficients are
obtained at angles of attack at which the largest model-projectef )reas most closely
align with the corresponding force directions. These are usually zero degrees for the
axial-force coefficient and 90 degrees for the normal-force coefficient. However, with
the CREST ejection seat configuration, the maximum axial-force coefficient occurred at
an angle of attack of -20 degrees. The drag decrease with angle of attack Is largely a
result of the continual reduction in front&l area opposing the freestream velocity.

Of greater importance to the stability characteristics of the CREST seat design is
the 100 percent Increase in pitching-moment coefficient over the Mach number range from
0.6 to 3.0 In the vicinity of zero degrees angle of attack (Figure 6). Since a large
portion of the moment changes occur At speeds above Mach 1.5, shock 4ave formations are
a potential hazard. At the design trim angle of 30 degrees, however, the
pitching-moment coefficient exhibits significant decreases with increasing Mach number.
This pitching-moment characteristic means the control system inputs and propulsion
could vary significantly depending on the initial conditions at the time of ejection
initiation.

The lateral/directional (yaw, yawing-moment and rolling-moment) aerodynamic
coefficients were sensitive to changes in yaw angle only slightly at low Mach numbers

a nd negligibly at higher Mach numbers. The coefficients increased with Increasing Mach
number up to Mach 1.2. Above Mach 1.2, these coefficients generally decreased with
Increasing Mach number. The yaw and yawing-moment coefficient increased with
increasing yaw angle. The rolling moment was nearly constant with yaw angle to

approximately 10 degrees before increasing with further yaw angle increases.

The head loads measured wer well within thetwindblast design requirements for the

the headoof the model In the fore and af t dirercti on s changed considerably with angle of
attack (alpha) and Mach number. The magnitude of the force was measured to be
approximately the same as what would be expected If no vindblast protection assembly

were added to the seat. However, the linea of action of the force with the windblast

-IL
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protection assembly was in the opposite direction. Pressure data measured in the area
of the head indicate stagnation pressures behind the head but less than stagnation

pressures on the front of the head resulting In a not forward force. The largest
variances were measured at zero and 40 degrees angle of attack for the lower and higher
Mach numbers, respectively (Figure 7).

Serious head oscillations could occur as a result of these negative forces pulling
the head forward off the headrest and away from the flow-stagnation bonnet. Once the
head Is pulled off the headrest, large positive pressures develop on the head and
helmet combination and force It back into the bonnet and headrest. Once the head is

back within the bonnet, the process is repeated (11).
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CREST MINOBLAST TESTS

Four Vindblast test series using the CREST windblest assembly were conducted by
tooin9. The first and third series, accomplished at the Dayton T. Brown Windblast Test
Facility. evaluited th, structural Integrity of the Seat and windblast assembly and
measured the aerodynamic loads acting on the manikin's head and neck. The second
series was accomplished using the same test articles with the F-IGA forebody for
realistic flow simulation Impinging the crewnember and seat. The fourth series was
conducted at the Boeing Transonic Windblast Generator System. These windblast tests
were conducted to demonstrate the efficacy of configuration changes to the seat
structure and windblast assembly that were required after the first three test series.
A forebody was not used for these tests.

The windblast assembly, manikin and seat that were tested varied slightly from the
scale model tested in the wind tunnel. First, the model used in the wind tunnel was a
half-scale 50th percentile croweopber and ejection seat. The exterior was made of
smooth fiberglass, and clothing and flight gear were not simulated. For the windblast
tests at Dayton T. Brown and Boeing, a full-scale manikin with flight gear was tested
In a full-scale ejection seat. The seat was complete with the instep anti-rotation
panels attached.

The tests that were conducted at Dayton T. Brown facility used a controlled release
of stored, compressed air to simulate the windblast environment. The planned test
speeds were 400, SO0, 600 and 700 tEAS. A calibration run of 350 KEAS was conducted
for Instrumentation verification.

Significant failures plagued the first three series of tests and prevented any of
thee from reaching completion. Runs of 600 and 700 XEAS were made In the first series
before instrumentation difficulties and structural inadequacies stopped the testing.
The second series featured the F-16A forabody section with the seat placed in one of
two locations. The first position tested was all the way into the cockpit; the test
velocity was 600 SEAS, and no significant failures wore observed. The second position
was placed to represent the completion of the catapult stroke, approximately 40 inches
above the previously tested location. In this position, the manikin and seat were
Impacted with the full blast of the 700 SEAS windstream. When the condensation fog
cleared, the right and left sides of the seat bucket, Including the foot anti-rotation
panels to aft of the ejection handles, had been ripped away. Both legs were rotated 90
degrees outboard and were broken. The right log was broken at the knee and the left
leg was broken at the thigh. Testing was suspended until structural redesign could be
accomplished.

Five tests were again planned for the next series of tests. Low speed runs of 350.
SO0 and 600 tEAS would be used to identify potential problem areas for the seat
structure &ed to checkout the Initrumentation prior to the 700 SEAS test. A 450 SEAS,
20 degree yaw test would be accomplished after the completion of the high-speed run.
During the 5OO and the 600 (620 actual) KEAS tests, the manikin's head rotated to the
right approximately 70 to BO degrees, and 10 degrees downward. Rotation was more
pronownced duritn the 620 SEAS test. Head rotation was not observed during the 3SO
SEAS calibration run. The head rotation In the high-speed runs caused the head to
partially leave the flow-stagnation bonnet. The manikin's oxygen mask and hose were
pulled off the face of the manikin after the head rotated. This was not observed
during the 500 SEAS test. Because of these observations, the last two rwns wore not
attempted.

The final series was more successful. Runs of 600, 700 asd 4S0 %EAS were
completed. The 450 SEAS test was run at a yaw angle of 20 degrees; venting was added
to the flow-stagnation bonnet to reduce the stagnation pressure region behind the head
and thereby reduce the forward acting force sn the head. The forces measured on the
head during the 700 (7SO actual) SEAS test are Shown in Figure B. No adverse effects
were observed on the 4S0 SEAS test and there mere no structural failures during this
test series.

DISCUSSION ANO CONCLUSIONS

The final evidence Indicates that there may be hope for the creumembor trapped In
George Smith's dilemma. Laboratory testing. both In concept feasibility studies and
agplications testing, shows potential for decreasing the aerodynamic leading occurring
on the body segments of eJtcting crewmebtrs. This should translate ioto reductioes In
windblast injuries. However, this reduction may be undermined to an wnknown degree by
changes in configuration or other alterations In the flowfield surrounding the
crevmember.

In theory, once the croumember's limbs are within the region of airflow stagnation,
the largo disparity between forces is olimlneted. Reducing this in practice has beau
difficult to accomplish. The original model test date show the most effective seat
attitudes for the concept are coincident with the maximum drag attitudes of the seat.
These angles art not acceptable for a flying trim position because human deceleration
tolerance would be exceeded and/or propellant requirtoemts would be prohibitive.
Trimming the seat at more extreme angles brings tolerance within acceptable bounderies
but causes the stagnation areas within the fence to change Such that farces now act to
dislodge the limbs from the windblast protection assembly. This becam evident during
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the CREST wind tunnel and windblast tests with the fore and aft force acting on the
head. The flow-stagnation concept was also sensitive to configuration. The degree of
protection and aerodynamic properties were changed significantly with changes in
configuration. Aerodynamic drag was reduced when venting holes were added to fence
design. Head loads were likewise lessened during CREST windblast tests.

The battle cry of the experimentalists is being shouted: more tests are required
for completely successful Implementation of the flow-stagnation concept. Forebody
effects have yet to be defined. These effects include not only a flowfield that is
possibly higher in magnitude but also one that Is varying in direction. Also, no
attempts have been made to quantify the aerodynamic coefficients of the ejection seat
with the flow-stagnation fence as it emerges from the cockpit.

The flow-stagnation concept is a solution to windblast protection that Is
configuration dependent. If research and development is fully supportive, then
flow-stagnation designs should closely resemble the configurations that are planned for
eventual use. The CREST configuration was based on the requirements to limit the net
forces acting on the head and to provide overall windblast protection for the
crewmember. Although the design does not reflect that which was tested in the
laboratory, it appears to have met the stated requirements and remains a simple.
passive approach to providing windblast protection for advanced ejection seats.
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CONTROULABLE PROPULSION FOR ESCAPE SYSTEMS CONTROL

A. Blar Md)mld

3W5haewsd Beaevad
Ldts Ieb, Calflra 96•6, USA

Cust escape syntem for militar aircraftu e solid-grain rockets for propulsion. These provide a fied level of thrust
fix a fised period of time. Since the escape system has to function over a wide range of conditions. this approach is a compro.
mue. Sii c irovement in escape capability could be achieved by introducing a propulsion system in which the thrust-
tnie pjodle could be varied to suit the cirasmtances of each emergency. The technology now exists to introduce a fu.lycontrol-
table prolion e. Such a system would not only provide a variable thrust-dame proffle but would als permit the
propusion s3tem to provide stabilization, to control the fos applied to th crew member, and to control the esape tmjec-
tmy. These capblles would allow inproved system operation throughout an expanded escape eavelope. The technology
for a fully mntrollable propulsion system has already been demonstrated in a development program.

UMTODUCTION

Douglas Aircraft Company, in conjunction with TRW Inc. and McDonnell Douglas Astronautics Company, has been
working on the development ofa controllable propulsion system for escape syszenms in military aircraft This type of propulsion
5 has very significant implications for future expansion of aircrew escape envelopes and for additional capabilities that

promise to enhance the probability of successful escape. Douglas has demonstrated the advanced technology needed to estab-
lish the feasibility of the approadi.

DISCUSSION

current escape systems use solid-grain sustainer rockets to pr opel the ejected crew member away from the aircraft These
rockets, by virtue of their design, deliver a fixed impulse every time they are used, regardless of the ircumstances of the emer-
gency. The characteristics of the sustainer rocket are therefore usually determined by the maximum impulse requirements.
1,piczly. this would be the impulse required for tall dearance at high speed or for adequate height for the parachute to open
in an ejection at zero altitude and zero speed. In other circumstances, this impulse can either be helpful - if the aircraft is
level být sinking, dose to the ground - or harmful, if the same aircraft happens to be inverted dose to the ground.

In contrast, a controllable propulsion system can be varied to provide the thrust-time profile which is desirable far a partic-
ular set of emergency circumstances, and it can also be used to perform a range of other tasks that enhance and expand the
capability of the system. For instance, the system might be used to stabilize the seat and crew member;, control accz.eration,
thrust vector, and the trajectory. and shape the trajectory to avoid the ground.

The controdable propulsion system with the potential to perform these tasks is composed of the sensor, controller, and

propulidon sub"Usems

Propulsion subsystem tedinology that is acceptable for escape systems has proven difficult to acquire. Controllable propul-
sion systems have existed for many years, a prime example being the system which enabled the Lunar Lander to make a con-
trolled descent to the surface of the moon. However, this feat was achieved using liquid propellant rockets, which have not
been seriously conidered for escape systems for safety reason. The controllable propulsion system that as fully compatible
with an escape system was made possible by the development of gelled propellants.

GELLED IPROPELIANTS

Gelled propellants, as the name implies, are liquid propellants that have been transformed into gels. In the gelled form,
these propellants retain the operational characteristics of liquid propellants but their characteristics with regard to safety and
handling awe equal or superior to those of solid-grain propellants.

The gelled fuel and gelled oxidizer are vital to the operation of the controllable propulsion system because they are thixo-
tropic (i.e, solids that liquefy when a shear force is applied) and hypergolic (i.e.. materials that combust spontaneotsly when
mixed together).

In a propulsion system, the gelled propellants are pressure-fed through valves into the combustion chamber of a rocket
engine. where they spontaneously ignite and generate thrust. These engines, like their liquid propellant counterparts, have
two operational features that make them ideal for use in a controllable propulsion system. First, the valves can be turned on
and offto control the flow of the propeflants, and therefore the thrust. Second, the valves can be designed to control the flow
of the propellants and thus vary the thrust down to a small fraction of the full-flow value. Another important feature is that
the control valves can operate very rapidly. For example, the engine that has been designed and tested in the Douglas program
can be turned on, the thrust increased to 90 percent of maxamum, and the engine turned off again - all in an elapsed time
of08 milliconds.
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MROWVLSON SUBSYSTEM

The contr~ollable propulsion subsystem basically provides thrust to propel the crew member away froms die aircraft and
provides moments to conro seat attitude. If die subsystem can perform these two tasks simultaneously and can be turn~ed on
and off. &men green suffcint thrust and impulse, it can als provide a trajecroy that will dlear the tail of the aurcrakt avoid
otherce-e members, and help to avoid premature coon vtac 'd the ground; keep the forc- on the uewmeber in selete
humats tlerance limits; provide a thrust-time profile tailored to die ejection conclitiona. and perhaps f&Wih other requiresnenta.
Ainam*e shemaftc oft propulsion subsystem that can perform these tasks is shown in Figur 1. In this system, a gas geutor
force VlOe 6We and moidizer from storage tanks to four envneae. The flow of fuel and ostzrto each enUne is controlled
by valves moutmed on the individual engines When the four engines are arranged on an ejection stati that their thrust vectors;
are offse from tie center ofpVwt.* mas shownt in Figure 2. then the overall thrust and rarationai moments in pitch and yaw
an be controlled inmply by controlling the relative thrusat of eac engine. Rol momenta ca. alma be handled by skewing the
thrum vePorna or by adding more eqiines. However, roll control as essetial, only for the moct ambitioui requirement such
a ron avoidance.

GAS GENERATOR

GEL GEL.
FUEL OXIDUIZE

Pme 1. P-PM -&Vt scowneft

CONTROUADIZ P3OtFUL.S SYSE

The ccmtrallab~le propusion systa co.s of thee mAsyem I mma se svom c. and;pouum Althoogh tle capabib.
ofe aa controllable propulsion system nmay vary w~idey, they are primarily a 0cio of the oanmd, to a lewe degree,

of the avionics. It appears that the propulsion subsystemn shouldi operate in essentially the Isame mmuxer regairdlen ofthe overall
,) ,e design. It is therefore convenient to decbe the operation of the controllable propulsion systes. bymrfetenc to the
role it oudplay insa high-speed e- pe

Inamnejection. a catapult will provide the initial movement air the cockpit guideraila and the controllable propulmosa 5yt
will take over following catapult separation. As the seat emergesi from the cockpit and become -a free body. the microproc-
ess.ras show in Figure 3. will use the sensor data to generuie commands to each of the engines. These coammands ane based
on conaputattions of trajectories and forces and are selected to achieve a satisfactory traiectooy wng firce whic we within
the appropriate human tolerance limits.

A mnimportant factor in the computattional process is seat attitude since this affects the dvont vector. die magnitude
of dhe aerodyniamic coe1fdents. and the direction of tie aerodynamic forces on die crew member.

Another factor is the selection of priorities. Since all four engines are playing a pan in nmla~mycontrolling the total
thrust. the thrust vector, the yaw moment, and the pitch moment. the available thrust of each engine mutbe allocaed to die
tasks in p. oportioa to their importance in the overall success of the escape. Ouwr experience indicates thatyaw control Uumally
rates die highest priority, with pitch control a dose second.
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-a e san.vesy laghspeed, the asetodynamic fomx =r alsovaY high, and angular motion ci the seat m be cona-

uedif " bisg to be avoided. The cycle btim betw sen asing and applying the selected engine staegs;e should therefore
be disi enough so niazintain stability without violent oscillati-As In the System we have devekoped, the engine comamands are

udsdevery 10 milliseconds.

There amtw o ways in wid the engine can be designed to respond to a thrust command. For exameple, if. foir oae of th
I0-ufiillisecond conwo periodjs, the macoproc-o requires an engine to produce half of its full thnust, the engine could either

be it -ed'on fanl I iw for 5 milliseconds or be throttled at half thrust for 10 mnilliseconds. The engine design we have demon-
strated am the oti-of approach.

The operation of a controllable propulsion system in an escape at 8W0 keas is illustrated in Figures 4 throiigh 6. Figure 4

shows a sequence of engine thrust commands together with the actual thrust profile for one engine over a 120-millisecond

period. The performance of the system relative to the selected human tolerance limnits is illustrated in Figure 5. The risk levels

shown on dini plot are approxtisations of the Levels derived fronm Brinkley.*

An ejection from an aircraft at 800 kens is considered a high risk' situationt and therefore the plot indicates that tie koce

imposed on the crew membeir weire sautisactorrily below the limit during this; peirioid.

Figuire 6 shows the seat trajectory relative to the aircraft and illustrates the changinsg engine thrust levels.
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CONTROL.• IL. PROPVI.SION - GROW"H CAPABLTIES

A controllable propulsion system will permit the escape system to provide capabilities that are dtfficdt to achieve with
conventional propulsion systems. The mom important of these are "upward seeking" and "threat assessment" featres. Both
of these oDncepts have significant implicatons for future escape systems.

-s d
W.th upward seeking features the controllable propulsion system is used to achieve a trajectory in which the sat and

occupant are steered upward so that they are away from the ground. In order to execute an upward seeking, or pound avoid-
&oce, ,aneuver, the propulsion controller needs to know in which direction tie ground lies. Also. if this capability is
for use when the ground is so near that it could be life-threatening. then the controller will seed to know how far away the
ground is and whether or not the seat is traveling toward it. Although some of this infornatio. may be dffjcWt to acquire.
none of the problemn appear to be inrirmountabfe.

The use o(the propulsion system to reverse the downward motion of the seat has the potential. as lilsurted in Figure 7.
of aciving dramatic improvements in performance under high-sink-rate or dive conditions.
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Although an upward seeking system could be effective throughout the speed range, the impulse required to reverse the
direction of motion becomes prohibitive at high downward speeds. However, as most low-altitude escapes are in the low-speed
portion of the envelope, the upward seeking approach couid signiicanty reduce the number of unsuccetsful out-of-dth-enve-
lope" escape

Threat Assessaaet

In current escape systems, the acceleration forces on the crew member are allowed to be relatively high because this may
save his life. However, they must not be so high that they produce an unacceptable incidence of ejection injuries In a system
with a "threat assessment" capability, the system would use sensors to provide information on the magnitude of the threat to
the crew member's life. Once this has been established, the system would control the forces imposed on the crew member,
induding the propulsion forces, in relation to the threat.

A threat assem•sent capability therefore has the potential for achieving both an increase in the success rate and a reduction
in the incidence of unwarranted ejection injuries.



Is th Douglas; coroau able propalsioa program, demontmration proplsmo asyubgan bas boen designed and tested.
Thi *Sort iodudled development testing of the gas generator and gel propellant engines. The compocent tests *au Wtlowed
by the msuceedil teat Bring of a complete propulsion subsystem in whbich fixur engines pedtxmsed a bigb-qteed ejection duty

OThU ESCAPE SYT~EM APPLCAT1IONS

In the preceding rest the concroftabe propulsion system has been linked to 'eacape v/aems."AltbW*ougbaejection sean;
we redspccallyiidensi ad it is apparent that capwlkescape sysems would also beneft trom the use of a ontrellabl propul-
sion I sem Also, acoutrollabl propulsionystem in a capsule would provide the optionaofreactivatingthe propsilion system
ta rethacsthek -rassoaciated with ground bmpact.

Developmant of the key rocket propefllat and engine technology soul enable a controllabl propWl=o system to be
introthce to replace solid-gran systems i future escape systems. This development anid result m a major improvement in
hatewre escape syte capablty at high speeds, and at low altitudes. aod in a redce piobebifity of ejection injuries throughout
the entire escpeevelope.
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RESUME

Dana ma configuration satueile, l'avion spatial ffWAMS eat dquipi d'uns capsule
6joatable preasurisAd destinh. A assurer la sauvegarde d. 1'iquipage au oowra dos pha--
som aritiques du Iancessant et do i& rentrie ataosphirique. Capable d'opdrar done un do-
maise trio vast. (jusgu&k X a 7, Z a 60 inm) ispoad par lea pertorsancea dui lanceur, i&
capsule procure & 1' iquipage do 3 spationsutes lea protection* physiololiqiies neces-
malret depuls l'ijection jusqu'& Ilatterrisaaae ei l'auerrissage. Cepondant, I& part*
do pressurization accidentelle do la eabino 81HERME roste un divnemeot redout6 qui no
pout Atre daart,4, anc qul Impose & l'dquipage le port priventit do scaphandres do protec-
tion individuells. Diduites do i'analyso des missionsaet dos 4vinomants radoutis, lea
tfcntions dui acaphandre sont diorites et justitides par les limitations physiologiquas
qu'ellea cocepensent at par lea contraintos opdrationnslle3 rencontries. Rest. l'int6-

gration dui aystiae scaphandre dana i'avion spatial 3cola concern* ausal buon i'intA-
gration physique oven la ddteruination dos Interfaces quo i'inserticn dos procidures
d'utilisatiofl done l0a acinarios 8o Mission nom~inauX at do secours.

INTRODUCTION

Los intornationa contenues done cot article sont issuva d'une 6tude rialishe pour
le cempto do i'Agence Spatiala Nuropienne &yea Ia collaboration do Ia sojidti DORNIER,
at d'une itude prdlimina ire etteotude pour Is CNES.

Dana ma difinition actuelle, i~avion spatial HERMES, msiaen orbita par lo l1 our
ARIAUE 5, a pour prinoipale mission d'arnener in 4quipagj da 3 spatinnautes, do macc s-
tar & un module orbital pour en ettoctuer la dosmerte pui d excuter in. rontriA atmos-
phirique non prepulsie tersindfe par un atterr138&ge horizontal. Bian qua Ia Phase
d'dtudeI aotuellemont on ceurs, conduise & un grand nombro *io configurations potential-
lea, loa didments ditoruinants pour Ia siourit4 et Ia sau~egarde de li'quipago sent &
peu priA connus, puisque ditearinds par le3 performancos au lanceur, lea trajectoiros
do lancemuent at do rontrie. L'analysa des risques encourus au courm des phases atmosph6-
riques a perais de conciuro A is adoammitA d'un systimo do sauvatage, come. en dispesent
d'aillaurs lea pregrarnos analogues, at cc particuiibrauaot dePUis l'aocident de Chal-
lenger.

Pour Atreoaft icaco, Is systimo do sauvetage dolt couvrir in domino do ,ol sutti-
rant, tout on garantissant ma cridibilit6, at caci danau ion 0texte do tris tortes con-
traintem sir 1os manass. La aompromis rotenu A co Jour consists & oouvrir Is totalitA deis phase la plus critique tis prinded do fonotionnosont des propulsours i poudra Cu.
cours du lancement. Pour y parvenir is solution sabitieuse d'une cabins 6jactable pros-
suinai. a 4ti cholisi pour l'avion do ritirance msagrA un Avidant handicap do meass.
Coai roprisante in difi tachnologique majeur an raison do 1'itandus dui domino dlijoo-
tion (M a 7, Z x 60 kin).

St~ant donni qua Im perts do pressurisation aocidentaliv delas cabins eat un 4vano-
mont catastrephiquc qui no pout 4trt rojoti, survonant notament mu cours do is sdquenco
d14jection, is survia do 1'Aquipage passe par moe protection physiologique individuollo
asmurant 1. saintian do Is posin at is fournituro d'atamosoire rospirabla : d'o4a in
scaphandro conqu come a =n.qipmeat do saceurs ultimo. Dana is racherche d'un autro
comprosis masse/domain. do sauvetago, dtautros dimarches V13ont in gain doe manseo sys-
time an nipartissant los tonetions de asuvatago ontra in scaphandro d'uno part pour tou-
tom leam fonctiona doe support-via at un sYst4Xme aiidg4 d'autra part pour leam soulam fonc-
tions d ,ijeotion.

L~e pot d'un scaphandra de protection individualie s'iapoas done, molt dons is
capsule 11Oo"table do rifdronoo dent ii contribue i asmocir is cridibilitA, soit danm in
systime di~jaction aiid~g4 dent ii constitue in ilisent vital.

Compto tenu das nirconstaneos at du domaina d'djection conmidinds, 10 seaphandro
doit Stre porti privantivamant par 1'dquipage do manlure & itre instantandasent epir-
tionnel an cam do n40ossitA. Ainsi done, aix fonotions doa survia diasnsionodos par lam
conditions do mecours ,ionnant s'ajoutcr des fonctions dent I. but oat d'autorisar
l'usage dii scaphandra dana dan conditions do vol nosinales tout en minimisant lea con-
traintom dlintdgrstion dana 10 posts do rilotaga. Las exigences tondamonta'ams du sca-
phandro sont exprimAdm an terses do fonctiona doe contrfila dlenvironnoment at support-
vie, d'ergonomia, d'intornation et 'om~unioationm. Egaloment 1i4os au port mystiinatique
dui scaphandro bora des phases critiques, cartaines tonctiona, ditas intdgries, sent
montloondam d'uno part & cause de Is simuitanditi de lour nicessitd avac celia du inca-
lphandre, d'autre part parne quo 1. scaphandro constitue in support d'intigration Judi-
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Zafia, lea contraintea d'intdgration apdcifiquea I Ilavioa spatial HIRNES, soot
ooaaiddrdes coema prdalsbloa aux abets do solutions techiniques eapables d'aaauror lea
foactiona montionadas plus baut. Cos coatraintam seat do doux ordios, lea Interfaces
avoo Ilavion at lea prooddures d'utilisation. LA encore ufl compromis eat & trouver, pro-
pro A obaque configuration do vibiculo at profil do missionl, Ontre Is part d'intervon-
tIos bumaint, do piooddures, ot Is part d'actioas automatiques riolsiaes par Is systime
scaphandre at sos Interfaces even 1. vdhioule.

C0UFIOUNATI01 0'HZRHS

Descriptiona sd~ralo

In ddpit do diffdraacaa ontre configurations possible* dent 1. figure I Illustra
uiseample, Vavion spatial BRIMS competed trota volumes praaamrisda commune &su di-

verses veralOml.

-La oepauls dsoctablo ocoastitue I0 posts do pilotogo dhIONVS a&k lea trotsmemobras
d'I1quilpaga lot Iisatlld ocr* dos phases do laneaaont at do reatris. L'aaknaauoent gd-
ndral do Is capsule oat prdeoatd sur Is figure 2 (W16.2). 11 comprond lea trots au~g01,
lea oommandes do piloti" d'U8W413. des iquipoaaota do support-via at d'avionique at
tous lea dquipamants 116s Is lasuvegard. do Il'quipage. La capoule paruot apria iac-
tics d'asauror una diiodldrationi avant 1'iapaot, lea fonctiona da protection at d!'attd-
nuatico des aboca, I& aurvie pandant 24 b, la flottabiliti, Ia algnalLaation radio at
lea communications.
- Lo volume central aet oaspomfd du volume dastind & la charge utile at du volume vie oa
loont-sritui re; Xi1fdrants components du syatbas do aupport-via st do contr8le do l'an-
vironneuaat (ECLSS) ainai quo des Aquipesonta d'avioniquo.

- Le saa sart i l'aocoi & une station spatials loraque HERMES eat aecost4 at aux sorties
dana l1 ompaceo. Lorsquills no sont pal utiliada, lamsacaphandrta do sortie oztra-vibi-
eulairsa (EVA) y moat stockds.
Lea communications ontro leam volumes presauridso sleffectuent par das passages dtroits
(diamitra 800 om) pouvant Atre obturda afin do lea iscier. L'accia & HERMES pour I*
lancornant at l'dvacuation au aol sent prdvus au niveau du posts do pilotage par una
ouvortura do 800 me do diainitre.

Figure I i Example do configuration d'IHERJES Figure 2 1Axdnageeent gdahral de la capsule

Fournitura d'ataosph~re/oontr8la das proagions at conditionnamont do Ilatmaoph~r,

La fourlniture d'atmosphirt et Is contr8le dos preasiona iamin qua Ia conditionne-
sent do l'atmoaphiro font partie do l'ECLSS. XIs asaurent Is saintien done HERMES d'une
ambiance respirable at clinatiade saimlaire *ux conditions terreltres t pression tetmlo
do 1013 hPa, taus d'oxyg~ne do 21 $, tempdrature do 20 k 300C, huslditi relative do 40 1
60 S. Lea principales fonotions sent donnies ci-apr6s.

Lo sous-systise do tournituro dlatmsop44re at do contr~le des prtassions paenut Is
fourniture d~oxygine at d'azota pour compensor Ia congcomation sitabolique dloxygine do
l'dquipage at loa pertes dlatmosph~re (fUites struoturalea, opiratioes du sag), il as-
aure 11 rdgulatioa des pression3 totals at partialle d~oxyi.Laietioono-
gina des 6quipouents Individuals sat prdvui. Hen can do ndCesait6, lea volumes pressu-
rtsds d'HERM93 peuvent Utrn ddpressuriadas t/ou repros3urisds. En can de perforation do
Ia cabin. ou difaillance d'un joint, uno provision d'oayg~n& at d'azote autoraso uno
preaaurisation do soocurs a 70C hPa (compensation penc~ant 6 bourse d'une fuite par tan
trou da diaaktra dquivalent k 4 a )

La aous-systiao do conditionneaent de 1'atmosophire parent Is saintion d'uno am-
biano. du typo "bras do chemse"a. Soe primcipales fonctions goat Is rdgulation do Ia
tompdratura at contr8le do l'huaidit6, 1s ventilation at circulation de P'air, Is rdg6-
neration do lastaoaphire (dliainatien do C021 dle C0, des contaainants, des pousaiires,
des dibrisaet .lea odeurs). Du fait do Is ventilation, una contamination do l'un dos
volumes d'HERMES so propagarait dana tout* la zone prossuriado d'H1315. Lo retour i dos
conditions melonas azigorait done uno purge ooeplits du vdhicule par ddpresgurisation
aulivi d'uflo rspressurisfttion par du gas propro.
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Un. mission typo WHIEMES aso ddcompos on 4 phases prinoipalos i
- Prilparation au lancement
- Lanleomont , fonctionnement des propuisours* i paudre jusqu'& t - 120 a

propulsion par l'6tago cryog~nique soul jusquli t a 600 a .-

Insertion an orbits
- Phase orbitals
- R~ntrdo a vol atarosph4rique (dur4s 1 35 minutes)

approuine final. at atterri&sago (dur4* It 5 minutes)

iSR5W assure ia shourit4 do 1'dquipage grace i la protection combindo do l'avion
spatial iui-om.m, do ia capsule at de3 redondances do l'ECI.S3. Los assures prises pour
la sauvegardo do i'4quipage - mosuros prdventivos, Interruption do la mission, rentrde
do &eoccurs Wt/u 4ioction do la capsule - at loa ..aditiona op4ratoireo asscoilios pour
fairs face aux 6vilnemonts rtdout63 durant loa diffdrentos phases do is mission sont ras-
sombl~os dons lax tableaux 1 & 4. Une ddcompression do Is cabin. 4'HM32N3 pout atro
teaporairomont compenaiie par 1'ECLSS, salon 1' importance do la fuite.

r eomo REflOUTf POS5IAJSfl11 "VAOUATION AVAXT LE CONQ(T10 ASSOCEUs

Anoaealloe do nen*Kit Evecustion IndfMduefie ale to wlec pefiet un Ambience kwontueflement coamintide
incenfdl. loudmlenwent. tosplo. ' d Hi ldon ~g

Sio TboW ou qu NM 4uiagesNT o1 Tenapdesuro ear~mee: boule do leg

Election do Is capiule @1 Is asuvologo do Altinlissge do Is caseule denm us pWni~tre do

____________________ruqulipse Impose une rdaction immn~ddsts 1 a4 fluw

Tableau I

- 9055651T15I 06 SAUWTAO LORIS OU COS)ITIOM ASSOC=$
_ _ _LAIOCWk

Pnnpulaln par prowaseursa * Ejecl~on do Is capsule. La ddcision d'djoctlcn . Allffittssge deons wn pddmdti do i ion' 01

poudre Instantande pouwna Mrs pries & lrnau do plus auRcur du pas do thr
t < 120s I'Cquipage contawnlitloll 6voatuello
M < 7 < o* Amerrisesie *piudmltiddeedis
Attitude <0fnguysnslseu.

Rdcupdrstilon Illd do rkiaqpge (influ
once does etnditions mdt~crologiquee it do
rowla do in meto.

Apwds sdparaflo dese 36" Udeslm do rs'rion Spatial it dU lincoul' Facteur do cliarge (jusque 5,2 g)
paupulseurs a paudre puts satlietiston do HERMES. Amerriaeagi dons rocden Atlantlque.
120s < t < $We . Election do Is capeute sprils rowicu dons is R~cupdeeftlo do riquipeg. dons leg 24 heurii

donwalne d'ilectlon (Operations conlylle (influence des conditiona mdtorclogldu"o it do
_______________ pit rdquipag., avoc suppwort du sod). rita do in moo)

Inserion on a.e Sdpasabot do rdocn spatial at du lanciur. Amnesiassage do is capsule done rocien
Vol vemts n sflo transastantique it/cu Malntique (var i-diesausi).
djodtlan " Is caspule agree tlces' dens I*
domslne

* SI attitude it vitiesie suffisantoo :nsertion
in Gorbiti, Put$ renird. vets un terrain do
sewcurs )cpdsetllns amntrbdeo par

________________________ r~quipage avoe support du sod)._______________________

Tableau 2

EV811311113 RSOOtfl! AEIMSw alln SAuVTaAR ENVISAOEASLIES EN oRSMi
Couldaninatlo do Is COMMn UtllsallOn des aisnctiuts it/cu purge voldntalre puie rooenourlalnd

Ftu Iut le viflhculo. La propagation druno contamination a rensenati. des vol-
umes preseurhled sets Inevitable du falt do i'eltac~tid do Is ventilation.

S~(MIs. en ciuvre rapid* d'une protctIon respiratocril

Odprieeuulsation accidentelle do Ia cabins (ddfaillance Compensation par rECLSS at renirde durrenoo done un dolal maxmal do
d'un joint. perbration per d~tit ou rnieonatdoritil). 3 A6 Iweurei

Le limps do rdaction do ro6quipag depend do rlrspoulence do Is fult*

Odlaillsnce d'un scue-systdnwo (panne double ou trile),.. Rent** d'urgence dine un Mail1 maimnal do 3 6 twbuts..

Eruptwn notice Cocae protection Ws'et pas du riosort d'un dpulpetll*M InctMduol.

Tableau 3

fHSZ POMSHJTSI1 01 SAIJVETAGE LOPS Of LA CONOMNl10W5 HM

0*eorbtitaton Aucufto en cas do Were do con¶ttio do HEFRMES
Rentrd.e puaque Mach I

Re#tt i spr~s "ac, 7 S56paraton do Is capsule Atterrlsasg cu smettlesog
phase Ilnal*0 at aierrlsasge Ricupdrstlon do l'Cquipage dens los 24 lbeuru

(influence des cond~tlIomsmdldrcogl0 e st/Vu
4.rtldo Isltu da o*6.

Tableau 4
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I&lg prostection apportie par* HI2)41, I& capsule et lea redondanoes do
&,&vie,$is'w~ qu. de" situations dsng reuaoa pour la vie do l'dquipsae as pouvect

atre 6cartioea (vaei tableau 5). Los treis prgEl ran situations cities doneasc tableau
oomdulaant & Isa port* do 1A ProsaiOU totals Ozigent I&a Pr6$6000 A bard WHIM3NS d'un
Soapbendzo.
FUM 06 LA 0NBO TOTAL

ft ioe s 00dgw dON Oha
of Is -we. do kCu .~e~ duw - I.* Is wcmout i " 6s ftow sm orwb"

ow 0' 4iswope tedatimsr a"id wi. maw'mleo aum as ft
moaaTA4AT1 ox L'ATI40Imm

0*A Ded We 4ume oadu wdo ofdo orh
fto * anp be. we* 64408000o si &*Vb on dftoegmu do mobdomaim badqu 40 CubbO Mu 104 sdce* ue~.4

FACMVU 09 CKARM MEADAPATMO CAROVAWJLAP

*Do,"amees. dorua ~ ot #4 leeoou

F* VwaMdo in Lvowom sort raueoo t a em4. me td

* - dim4oo dois copwule

Tabime 5 : SltkwSomi dangoeuse pow Is u~e do riquipeg
L'orientation possible du syatia. do sauvotage d'19538 vors des systiaca ouvorta,

ou partiellement nocapsulds rand plus indispensable eneoro I& protection do l'6quipaeo
par un scaphandre (Rdf.3, 4;$. La pert, do prossico met patentielle lore do 1'djection do
lIa capsule, mile oat un. oarnctdristiqu* du systbwluee*r dui sauvotago par *i4ge 6joota-
bbo ouvert. 0.. ceatraintos suppldaentaires sent igalesoct introduites par cs type do
systime d16joctioa. Ca sent lea contraintes usuollos d'djection qul ndeossitent l& pro-
taction contra letteot do scuffle, lea cobos, l1imersion deana I'.au &Iasi qu'un diape-
sitif do flottabilitd Individual, i& proecotion tbermiqeu ndcosmaire pour lea 4jeotion..
i grand. vitosse peuvant item r~alis o au niveau dui ci go (beuclier theruique).

LIMITATIONS FNISIOLOGZIES9 - FONCTIOVS DO SCAPSANDR9

outr losm reactions de bases, des facetious qualifides d'intdgries pauvent atro
assurdos par Is sospbandre avee 1s souci do rdsliaer un Aquipeoont do protection simple,
liger, ceeplat at d'euploi ais4. Sent rassaemblds sous Is term* do fonotions intdgries,
lea fonctiona de protection idosa auz opdrationa W1'IRME ou induitos par 1. port du
scsphandre et les centraintes d'interfaoes avea 1122413. L'onaeeblo des foactiona &A-
surer r 1. soaphandro eat prdsenth dane Is tableau 6. L'analyse des ozigecoes as550-
aides 1A o focotlons eat rdsumde ci-apris.

hr. do grei do Is Capswo kma do $a 'dedaf FONCTIOWS Of PR0TECTION 06 BASE
Pulse do Ii sbo Cu pw Imaft,
Carflkkdoilig do to C860fb Cu 10' Idoe dot Ii V~I WWo
fymaoso dwonp dow ore wno~lecc oxunAtaidd FougmhAtw duwOEne aw~aom rospkubio

Lars do pail do ulo CM&WO~ MD"ormp
Une do Padl do CPu~ l ajM doesiull
FUfe de Is caklu %Vw Ismdnslan ec aibiHsoihsgdoksatasllo Cu crof
Lore do paon do sosW-drW VWsiw
Siperudon do CueNU -U 10 Iio w'm at rIVW viov s P Chscom w"i

Lam duo pido -egpgidr Ndoria A1 CommWosa"Co
SalwotatfOWsiC AS~irdni du brim

Lons do pod do wcspdgee Caoiled do rudne
W1i do MA dow sempas~or FouliidhrM do I "man
Surrie pundaW 24 hotawe - Swuioloce on mM Aid. A In IWAS - WA240040 - KMaial

Tableu 6 :Fanctleno do "~eoclon

Foaotiooa do base

Kalntien do U jossion tot ale

Si 'onconidio sulaent1. isue do porte de prossion do Ia capsule lore do
son 6jootion do Il'vion spatial, Is durde pendant laquello le scaphandre dolt assurer
lea fonotione do base set relativeseat court* (do l'ordre do II, minutes). La protection
offorts par un vitosent I oontre-pression par vessie pressuraiad (a pp.16 'partial pros-
sure suit*) seralt alors sutfisanto pour cos durdes. En revanche, A I& suito d'uno d4-
pressurisation do Ia cabins non compensable totalement par 1'ECLSS, Is protection of-
forte par un tel 6quipesent Wn'et pas compatible avec Is durdo roquise pour Ie retour
our Terre (do 3 A 6 heures). Un scaphandre A pression total. ("full pressure suit") eat
dove ndoessair. pour couvrir a. oss.

L'aabianoo d'HE3141 itant A un. prossion do 1013 hPa ot cowposde d'une atfospbire

compronant 79 % d'szote, des riaquos d'ahroesbolisue apparaisseat lorsquo l'KCLSS c'estplus en ensure dassaurer un. pression totals suttisants.
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Le port dii soaphandre impose i 1'6quipsgo Une contraints theruique anoru. At in
d0ssauror 1s comfort thermique at In maintion des performances dies saptionautes, Una
clisiatisstona eat vicessairs. Lee options oonoornant cotte rdtrigdration ddpondont do
l'sntivitA mdtaboliquo do 1'dquipago, do i& durdo considdr~s at du niveau do confort
tborsmiquo requis.

Durant lee phases nosinalas dui lancemont ou do Is rentrde (4quipago ase15, aotivi-
th mdtaboliquo inf6rioure 1 180 VI) us contr8le thormique oftiosno eat n~oossair*,
o'ost-&-dir. quo Ildvanuation do obalour no dolt pean ntratner uns transpiration ispor-
tasts (4vaporation out&"*e do Ilordrt do 50 A 200 g/h).

Orn ofttr~la tboruique moais perforsast oat acceptable pour des condition3 do o0-
ocure tell"s qua Is retour d'urganco apris une ddprocaueisstion do i& Cabins oji uso
ooats~lnstlon (durd# do 3 A 6 bouros, activit6 mdtabollque infdnioure 1 180 W) &Iasi quo
I& purge do Ia cabin*. Donsas no& 1asl'dacuation do Ia ahaleur m~taboiiquo repose sur
une 4vaparation cutande Important* Isupdrieure A 200 g/h). Lo bilsan thormique eat oian-
mains 4quilibrd.

Urn coatr~lo tbarmique minimal est onvisasgable pour Is. descents do I& capsule
apria sdparation, phase do court* dur~s - 10 minutes - pendant laquolie Il'quipage nWe
qu'un r8le palfi - aotiviti mdtabolique do l'ordre do 105 W. Ce typo do aontr82.e thor-
mique impiiqusant us stookage thorsique penlant use durdo linitie eat 4galement possible
lore do: ddplaoements do l'dquipago dens is cabins ou lora do IVdvsnuation dui pas do tir
(aativt A mdtaboiique Jumqu' & 350 W, durdo infdrioure & 30 minutes).

iLe oontr~le thormique par ventilation parent do couvnir as$ dittdretot ass. Los
oaraotdniatiquea do Is vanpIiation dui soaphandro sont rdsaumde dens Is tableau 7. Le
retroidiasement par bouole liquid* en'et pas Indispensable ; 11 induirait us scrorch-
cesent do Ls masse du sosphandre, unn. Interface suppidmentaire svoc HERMES -st sugmon-
toeait is durde do Il'abiilage (voir paragraph* *interfaces at prooddurosa).

dovaooft ~boes ~~
vowel"@Pas de @b uW 60004 pas do wek" o"W Sem"OWW
No~ Ai A0"3 liPa OrgWa A 4M On~ Orfflo, 43 S 1013 l~

Toemm 20 A XC A d6&enW A doOM,'
N dN 07%0% 0 %

0455 2.2A ,0Ws 0.8*a1.0) of 00 We/
(asaMwe o os~

Taiea 7 :Con"M84 ftwwhnrq du scaphm oua

L~e port dui scmphandro durent It linoament at Is rentrdo dolt itra coepatible avon
lam tinhes nominal.. do i'dquipage at dono prisenter des contraintes ergonooiquea mini-
malts. Cola signifie qua Is poaition assiso en sosphandro dolt itr* contortabia, quo los
contrsintea do mobilit6 ot do daztdirth sinai quo iea limitations du champ Tisual intro-
dultes par is scaphandro doivent itro compatibles aeve Is pilotage 'HERI4ES. Le nsc-
phsasdro dolt priscntor dgalement un oncoebromiont minimal &fin do faciliter lea aphrs-
tions d'6vsnuation d'urgeno* mu sol at i& nobilit6 en orbit@. Do plus, lea oontraintes
do &asse do ia capsule ot d'aURI4IS Impesont quo is snaphandro sit Una mgass ausai r~dul-
to quo possible. L'esomeble do asa nonaiddrations no pout Atro cohiront qu'sven un soa-
phandro soupis. Lea *xigenoes noncornant lea aspects orgonomiques d'un tel scaphandro
dens BERME 3ont ddtailllds ni-apr~s.

KobilltAd - Datdrit4

Los limitations do mobiliti sont maxislmas loreque I* scaphandroeaot proasuriad.
Aft* do mintimisr lea nontraintes, Is scaphandre oat pressurisA i ine prossion do tona-
tionnement minimua.e compatible even is protection contra i'sdroomboiisme, clect-i-dire
450 bPa. On nivomin do prossion plus taible, do i'ordre do 2A h

t
s pout itre onvisagi

pour uso durde isitito (15 an) pour ottentuor doa tiohes 114.0 i Is sdourit4 ezigoant
uno mobilItA at use dextdrit4 accrues.

Loraque id6quipa~ge set ansis dons lo pomot do piiotage, loa opdrations en relation
awec is sauvegarde do i'dquipsge ou I* pilotage d'H9RMBS exigent quo t

. LA position neutro dun scaphandro pressurisA soit Is position assise pour dvitel 'u
spationaute us effort permanent do maintien on position.

. La mobilitt peanies par lea articulations des bras et des 4paules dii snaphandr* per-.
motto Use onvoloppo dsttointo compatible avon llamdnagement dos commandos dons Is
cockpit W'HINES, sinai quaveon lea commandos dui snaphandre iui-mlmo.
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La dextdriti efforts par i'asaOoiatiOn Sant-comands salt sufrisanto pour Is contrile
d'HERMHE oudu scaphandro. otd r6lsdaun

graphs "Interfaces at proodduras"). Idaamoina, coai implique do prdvoir pour i'n~nangs-
meat d'HERMWE uno tailie suff isaata do* passages does HERMES au eatre lea ai~ges, des
Issues at d'installer doe aides & in mobiiit6 pour taciliter i'dvacuntioa au saol.

11 sat impdratif qua i'dquipago an scaphnadre putase avoir uns visibIliit correc-
to alest-4-dIrs une bow*. qualitdi do vision au travars do in visidre at un champ visual
adlquat. La chnamp visual minimal requis pour Is visibiiit4 des commandos, des ccana-
xions du acaphandre et des hublata 4taat do + 150 yoer 1. bout, - 700 vers 1. basa t
*6 90 0our lee a~tds, iea souvementa do tits sa'v~rent adoossnires. Ceai eat rdniisnbie
icit pa in possibilitd do rotation du ocasque par rapport au acaphandre, solt par sauve-
aset do In tits au 3aia d~un casque intdgrt au acaphnadre. La pouitioa du ;ilate, dannie

par laonsemble li~ge/sanglon do aidgo/scaphandre preasuriad ou non dolt assurer un. po-
sition do I'oeil addquata.

Protection-coatre 1*e accdidratioas ot lea chaos

Une protection anti-S eat requise lora do in, sdparatiaa d'urgeace do linvian spa-
tial at du mancour, l'dquipagea yant un rfiio actif kjauer pour 1. retour our Terre.
Lara do i'dtnbiiaaement du prof il d'acc~ldrntioa Gx Is pius coatraignanat, in miss en
accdliraticn eat reintivemeat faible, do i'ordre do 0,2 We/. One veleur maxiaaie do
5,2 Ga est attendue ; I'dquipnge devra supporter une accdldration supdrieure 1 3 Gz du-
rant 30 a deat 15 a au-dessua do 5 Ga. Af in do maiateair ion perfarmanaces do i'dquipage
done cette phase, in protection par vQs3ies anti-g intdgrdoa au scaphandre at i'ezdcu-

*tian do sannoeuvrea reapiratoires seat onvisageos.

La rdduction du volume sanguin on orbits at 3a redistribution vera lea parties bas-
ses du corps sous i'offet do in gravit6 durant In roatrdo eatratneat des difficultds
pour l'dquipage & conserver in position dobout et un. capacit6 riduite i supporter lea
aacodldratioan + Ga. La pressurisation des vassies anti-g dursat at apr~a in rentree per-
not d'dvitor l'afflux sanguin vera lea jambes. La foible aiyeau d'accdldration lors do
in reatrde (Infdrieur 1 2 Ga) a'iatroduit pas do problid. physioiogique particulior.

La protection coatre lea chaos durant 1. iancement, in sdpnratioa, in descente et
l'attarriaange do in capsule nAdessitent uno position corrects do ld6quipage : dos,
4paule at tat* contra 10 aidgo. Le sonitien dans cotta Position eat obtenu par i'ease.-
bi. 3i4ge/sangios do si&;es/appui-tite et accoudoirs qui doit rester compatible avoc 1.
pilotage d'HERMES. De moem 1. harnais do sidge dolt itre compatible avec 1. port du
3Scphandre, pressuri3A ou non. La protection do in tits dos apationautes dans Ia capsule
no requiert pan do casque dur. La acaphandra pout done itra 6quipi d'un heaume souple.

Information ot ccmunicntiona

Loa fonctions d'informatiaa at do communications doiveot permettro lea communica-
tions; ontra l'dquipngo ot is aol at an~ta 10n spationmutes on 3caphandre ainsi qua in
survoillance des paraaditras do fonctionnement du acaphandro, des doanads bloaddicales
et 1i'mianioa d'ninrxos. La rdceptioa dalaarmaa provenant do 1 'ECLSS at In transmission
i i'dquipage doiveat Agalemont Atre asauraSo. EdAnmoin3, is msaintien do in proasion to-
tale at in fournitura u'ataoaphrer respirable qui ansuront Is survie du 3pations,,co no
ddpendent pas dos foinotiona d'informatioa at do comatuaications.

Loraque Is scaphandre oat porti priventiveaent, in transmission d'infornationa A
i'dquipsge permet d'aadiiorer sea perrorsznces et son contort pour l'oxdoution do in
Mission, I& surveillance do In mise en oeuvre du 3caphandre (connexions correctos, far-
mature do in visiidro) at loa proodduros do test avant 1. iannooent ou in rentrde.

_Survie .1t sauvetago Spr:4A 1._retour do in capsule

La survio do id4quipege apr~s Ajoction at attorrisango ou meorrissage do in cap-
sule dolt ;tre assurda penadnt au moins 24 houres. Los fonctiona suivantes doiveat itre
asaurdes i

*Fourniture d'atmosh~ro s assurde par in capsule (ventilation par do l'air ext4-
risur). La continuite do i& fournitura respiratoire ontro is acaphandre at l'aebinnce
do In capsula dolt itre asaurie.

*Comunications, localisatica I nasurdes par in capsule

* Iourriture, boisson, trousse do secours i stockage dena in capsule
*Sauvatago on mor i rdcupdration do toute In capueurcurni ididloot

ta dernidr-o solUtior exigeant une tiottabilit Individuelleaot un harnais do hissage
Individual. La pramidre solution serait prdtdrable.
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Les difticultdo essentiallee induites par l'utIlination do mosphandres pressurisis
&out i lour intigration dens un posts do pilotage auz dimensions riduirom, lour utili-
satioa dens lea volumes confinds d*HZRJ4B, lour compatibilitd avoc des conditions den-
vironno~met iris diverson at lour insortion dens des op4 rations dijA compliqudos par
aillours. Sous risorv. do roeiatre an cause la walidit* mims du concept do scaphandre
pressurisA. 11 oat Indispensable do ditinir des interfaces staples at des procidures
dlutilisotion rdsalistoo die la phase d'4tablIasoment des exigences.

Atmn do maintenir coo problimos d'intigration I un niveou acceptable le chois a
it& fait do limiter 1. domAino do protection du scaphandre oux situations ii 1 demeurs
1s soul et ultime recours durant 10s Phasos critiques du vol atmosphdrique. Dana la
oaegro oa elle* nlintroduisent pas do contraintos supplimentaires sur 1s scaphandre et

s05 interfaces, dos situations do asaivegardeoen orbite pouvent Agalomont itt. couvortes
.oyennant des prooddures d'utilimation adaptdes. Le schisa du soa~pkandre et do se3 in-
terfaces aye* HBFRMES proposA sur I& figure 6 rdpond aux exigencos d'un systime do pro-
tection, minimum ot cobiront, diuonsionad pour couvrir en priorit4 lea phases critiques
du vol ataoopbdrique piloth, y cocpris uno 4veniuelle 4jootion i grand. witesse ai haute
altiitude.

-- -- - -- -- -

.1my"1i
3iman

Figure 6 1 Architecture du soaphandre at Interfacos asec HERMES

Typique du lancour envisagi, la rftpidit4 do divergence d'dv~naeonts catastrophi-
quo. eat telle quo is aiquonce d16jootion pourra itre initido A l'insu de l'iquipago par
Is segment aol, vcire do fagon autouatiquo. Cola iuplique Pour 10 scaphandro ditro dan3
uno configuration tells qulil pui3se itro opdrationnel quasi -i nstantanimont. Le port
privontif du scaphandre eat done ndcosaairo au moins pendant cortainos pdriodes do MIS-
sion bion quo lour dirouloment soit nosinal zceci difinit l. mods nominal d'utilisa-
tion.

Dana l. cass do phinomino. i divergence 1ente, ou lorsque lea fonctions do protec-
tion physiologique d'HERMES no sont plus quo partiallemont rouplios par le vihicule, I.
scaphandr*eoat utilia4 pour supplier aux tonotiOns difaillantis 3 c'est is mods do so-
cours.

IBEtin loraque, A Is zuite d'une difaillanct complite d'HERKES, le scaphandre doit
assurer soul lea fonetions do protection at do support-via, i1 s'agit du sods d~ultime
$scours.

Mode nominal

Le port dU scaphandro eat incontestablement uno contraints pour 1'iquipage, on
cherche done A la minimisor do Ia fagon suivante

. Pondant lea phases A divergence rapid., lancoment jusqu'A Insertion on orbits ot ran-
trio atmosphirique, Io port priventif du scaphandro eat Indispensable. HERMES cainte-
nant uno preasion atmosphirique norwalo, 1e scaphandre n'ost pas pressurisA, seulement
vontili avec do 1'air cabins. 11 oat an revanche prit A itte pressuris6 instantanirnent
ot automatiquaemnt on Cos de bosomn. L'Iquipago 6tant norm~alossnt installh dans 1e pas-
to do pilotage durant 005 phases, aucun dipimoemont on cabins nos~t privv'.
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Pendant lam phases divergono.. lent*, phase orbit~als jusqu'& l'icapulaion do diner.
bitation, Is sacphandro sat enlevA pour des raisons dvidentos do confort. Cola implique
dune part do 10 stocker done Un eadroit qui resters accessible an secours at d'cutre
pert do pouvoir leondosser A nouveau. Btant, donnh quo Is volume central eat 1. soul &
oftrir un volume nu f leant pour lea opdrationn d'habillage at dishabillage, cleat 6ga-
lament Is lieu do stockage. Los diplacements ontre volume central et c~apsule as font
eyes 10 saopbandre ouvort at aunal rapidefent quo possible.

*Len foactions aseurias per Is soapbandre nont destinien o n garentir I. contort et
doam I& productiviti do l'iquipage &ains dana 1. cockpit. Los interfaces even lea rono-
tione RM32121 nont rialindon par un ombilical dicoontnetable

- anti~lo thernique at renouvellomont do Ilatmoephire Interne par ventilation Weair
prdlev4 en cebino

-Information at ccmmun~cationsn autorinant Is dialogue entro spationautes ot avon Xe
nol ainel quo l& surveillance des peramatro. spationaute-scaphandre
- aalim~ntaticn des veenios anti-g pour 1 aide & Ia riadaptation cerd Io-vaaculs.ire au
etour do mission

- rialisation des tests do contr~le do ban fonctionnament avant 1'ebord des phases cri-
tique..

L'argcaomio do noaphandre Icit parmettre l'ozdcution normal. den tiches do piln-
tage ot des opdration. ndcesauirvs i Ia sicurit4, d'oa% des impiratifs do eobilit4, do
doxtirit4 ot do vielbilitA.

%ado do necours ultime

Ce made entre on viguour do tag'on antli~roent autnoetique, di. lore qua Ie pression
cabins d'i31HK chute on deancua(s do 50 hPa. 11 aupposo~u done par difinition qua Is sac-
phendre, prosauriad A 450 hPa ab~solun, cit 4ti r.vt au prialable et nonnectAi& une
source d'cxygine do prenaurizaticn. Llanalyss dos iv~neaenta redoutis montre quo llon
pout riduire an soul cockpit 1. lieu diBERiES o4i as mode snt indispensable. In effot,
pendant lea phases stmospbir~quase oe. lea rinques do diprsssuriaeat ion sont maximaux,
l'iquipage so trouve an permeanence dona be cockpit, et on nan do porte do pr033ion en
orbits out" it un accident i-delict.. IiAquipage aura ou 1. tamps do rejoindre Ie cock-
pit on acaphandre pendant l.A ;4riodt de compensation (voir prociduras do secoura d6-
taillies plus loin).

Lam tonctions du scaphandre utilisi en made d'ultise secourn sont d'asaurer la
survie do l'iquipago d'uns port un rialinant lea deux fonctionsaaossotiolles du sup-
port-vie, maintien do la prossion totals at d'atmoaphire respirable, at d'autre pert on
permettant au spationaute aseats dana 1. cockpit dlexinutor lea manoeuvres de as propre
nauvegards I pilotage dlHBRNIS vera un site d'atterriaaago, opiration du acaphandre at
initiation d'une dventuelle 64quenUo didjention.

Du fait do In rigiditi du snaphandre un* tois presaurini, lea aspects do mobilit4
den mombros et dextirit6 des garuta sont lea plus critiques. Coai justifio d'uno part quo
110n limit* au soul cockpit, o~i !as bosoins do mouvemonta sont riduits, la nepanit~i
d'Ultimo 3ecours, et d'autra part quo Ilon ottre la poasibiliti d'une preasurisation
temporair. & une pronsion plus foible do 250 l~a..

Mlodes de aecoura

Con modes intervienvent lorsque Ie 3naphandre n'& pas & assurer 1s maintien do Ie
presaico totals maie seulocent is protection rospiratoire (contamination sur 1. pan de
tir, contamination do la cabin* ou faiblo presaion partiolle d'oxygine). Ila inter-
viennent Agalement come intermidiaires ontre lea modes nominal at ultime en *as do d4-
viation hasardouse du acinario nominal.

Suit une listo dlivinomenta rodoutisaet dos prociduros do secnurs asnonidos. Cos
prociduren, qui consistent en giniral & revitir le snaphandro doenIs1 volume contral, i
so diplacor, scaphendro ouvert, vera 1s cockpit pia it so connecter, une fois aseis, aux

sources d'alimontatinn WHIM=4Z (ouyi ear lectriniti, communications... ) pormet-
tent de no pan ajoutor do nontraintea d'intertacc &L cellos den modes nominal at ultima.

Port* lente d'atuosph~re en orbits

Pendant la piriode do compe6nsation do le proasion cabin. par lea riaerv.,s
d'MMMHS, l'iquipage initialexont en bras do chemise revit Is scaphandre dana 10 vol lea
central, puts no diplane vein 1. cockpit oa il so met en configuration prit pour bo a d-
ultime. La durie d'babillage oat l'iliment critique qui dimensionne l& fuite maximale
tcolhrie.

Contamination an orbits

Grins & l'utiliaation d'un macquo & oxygino offroant une protection inaidicte, 1e
asnapandro eat rovitu dens be volume central. L'iquipago rojoint ensuite 1. cockpit

d'o il procido 
aux opirationa 

do purge.

..... .
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Avant I* laneement ou aprig l'atterriasage, l'6quipage en scaphandre dieconeete
l'cabillical, a* qul not an service Ia bouteille dloxygine portable dent l'mtonemi*
cogyre I& duneo do l'Avacuation.

Le tableau ci-deasoum rassemble lam dittdrents modes op4ratoirts du scaphandre so-
Ion lea conditions d'enviroanneant done HERMES at selon l'activit4 do*s patloaautes j
caibilical Ocounectdm &alei dans 1. cockpit, ombilical "dficonnectil pour lea 4iplace-
aento en cabins.
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CONCLUSION

Stant donn& 1l'dtenduo du domaino do vol do Ilavion spatial UERUNS lan" por Ariane
5, sinai que l'Atendue du douaano dd4jection, 1. port priVentif par l'dquipegs do *ca-
phadres & pression totals eat une meaure indispensable, solt pour asseoir Isa aridibi-
it: d~une capsule 6jectable & N * 7 - Z - 60 Ice, soit cones Portia intdgrsste d~un

systia. dlijection plus liger of trsnt tane protection meindre.

Lea fonctiona quo doivent rtmplir lea soaphandres conqus come dos iquipemeents de
starvie sent avant tout dais reactions do survie : saintien do l& pressica totasl, four-
niture d'ataoophire respirable. La survie de 1liquipage en soaphandre ezige Agalement
que celut-ci soit capable d'exdouter lea aanoeuvres nieessaires A sa sauvegarde 9 Pilo-
tags d'8EUNIS jusqulk Ilatterrissage, opdration du soaphandre. S'ajoutent done des
fonctiona do oonfort, d'environnement, d'ergoncmie - mobilit6, dextirit4, visibilitd -

d'information at communications.

Znf in, le scaphandre dolt Itre compatible daoutres foactions telles que Proteotion
antl-S, flottabiliti Individuelle, harnais do sicurit4 pour lesquelles il ostitus tan
support dintigration judicieux.

rinalosent, at csost 1A quo r4oide l'.ssentiel des difficultds, 11 slagit dlintd-
gror I* systirse acaphandre done l'avion spatial asaiss bien du point de Tue des interfa-

cccquadu oit de rue des prooddures. La philosophi* d'intdgration reteaveseat I&
suvato a itant donn4 lea multiples redondances dIIL'II4E, 1. asaphandre est as 6quipe-

sentacdultine secours, tane ultiae redondance. 11 eat done optimisA pour couvrie 106v&-
neaa~nteredout4 majeur qui sest la perte do pressurisation du cockpit. La rspidtit do
divergence dos 6vinements redoutis pendant las phases atmoaphirlques Impsee I* port
prdventif du soaphandre et crie sinsi I& ndoessitA d'un mode nominal even sea besoina
opirationnels inivitables. Entre con deux modes, ultise at nominal, exist* sa ulti-
tude de situations digraddes quo V'on propose de couvrir par dse prooddures fussent-
elles coatraIgnantas, plut8t quo per de" iquipements suppldmentairea allant L l'encon-
tre des exigences d'un systmse do sdcuritA v siaploiot6 at fiabilitA.
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SPACE CRAFT ESCAPE

by

Mrtin-Baker Aircraft Company Limited
Lower Road, Higher Denham

Nr. Uxbridge. Middhesex UB9 5AJ
United Kingdom

CREW ESCAPE POIWOSOPET

Safe crew escape from spacecraft is extremely difficult to engineer and has large cost,
mass and safety implications. Because of these factors, a calculated risk wai
apparently taken not to provide other than the most rudimentary means of crew
protection for space programmes. This has boen true for all programmes. Infact the
apparent logic adopted is analogous to aircraft programme* in which only the prototype
it fitted with ejection seats to protect the crew in the high risk phase of the early
flight test program. Production versions are designed for maximum reliability and
safety short of providing for crew escape. A calculated risk is taken that on-balance
it is acceptable to risk the loss of aircraft and possibly the occupants than intr'.luce
the mass, cost and complexity of a craw escape system. The manned space progr.,•e,
being an extension of aviation technology, apparently adopted this well trioc and
logical philosophy and this proved acceptable - until the Challenger tragedy. With the
exceptionally high visibility of the space programme, it is now clear that the use of

-this previously acceptable logic is invalid and provision must be made for crew escape.

WHAT CAN be DO"?

a) Off-the-shelf

The initial reactioi to Challenger was to see if an off-the-shelf solution to the
problem was available. This reaction was noted in all space ajencias, not just
NASA, as the general problem of providing crew escape was reconsidered. It has
taken several years for the space community to begin to come to terms with the
inadequacy of off-the-shelf equipment which is designed for a totally different
requirement. Some of these requirements are as follows:

i) Limited Performance

The 0-0 to 600 knot up to 50,000 feet ejection envelope is too small to be of
real value for spacecraft crew escape.

ii) Size Adjustable

Seats are adjustable for a wide range of occupants, whereas the spacecraft
seat occupant is clearly identified long before the mission, thus enabling the
seat to be tailored to the occupant.

iii) Field of View

All round visibility essential for combat aircraft is not recuired for
spacecraft, enabling a more advantageous distribution of seat subtystems for
spacecraft use.

iv) Durability and Serviceability

An ejection seat needs to withstand abuse especially during combat operations
and must be easily serviced. A spacecraft ejection seat will, it is hoped, be
treated rather better enabling lighter, less durable materials to be used in
its construction.

In summary, the ejection seats are designed for a very different scenario and the
design compromises which are acceptable for military aircraft render them
unsuitable for spacecraft use. Despite these major shortcomings, two near term
programmes will still use off-the-shelf ejection seats.

b) Extraction Systems

The use of existing extraction systems to pull the crew from the spacecraft
presently presupposes that time is available and the vehicle is stable enough for
an orderly escape. The performance envelope of extraction systems is also very
small, reducing their value for -.pacecraft crew escape. Over-the-side bale out
falls into the same category, except that performance is further limited to low
speed stable flight.

c) Tailored Conrentional Rlection Seats

An alternative to the use of off-the-shelf ejection seats is the adaptation of an
existing ejection seat to optimise its design for vie in spacecraft. This could be
achieved by the deletion of non-assential functions, such as vertical seatj adjustment, in order to minimise installed mass. The ejection performance envelope
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can also be increased slightly by the use of improved limb restraint e snme
windblaet protection.

In general, however, seat performance can only be increased to the present open
ejection seat limits of 100,000 feet and Mach 3. The gains of such tailoring are
expected to be realised by a reduction of installed sass and possibly improved
packaging of subsystems to provide a better cabin interface.

d) Cre "odule ecapoe System

Several projects have considered, or are considering, the adoption of crew modules,
in which a portion of the fuselage containing the crew cabin is ejected and
recovered. Such an approach offers potentially excellent improvements in the highJ
speed, high altitude regime, but introduce* difficulties in the low level, low
speed come. A crew module must be separated from the parent vehicle by severing
every interconnection, increasir.g the complexity of these connections for mormal
operations. A large and heavy propulsion system is required to propel the vehicle,
which must then be stabilized and finally recovered under large parachutes. Impact
a ttenuation and flotation must be catered for to protect the crew on landing.
Although such a system offers many advantages, it represents a highly couples and
heavy solution which has a significant impact on the vehicle payload.

e) IndIvidual Crew election Seats

Bernse programme management are fully addressing the subject of safety and are
investigating all of the options for crew escape. To this end, they have issued
study contracts fo. various of the above options and have noted the factors
mentioned. To complete their studies, Martin-Baker was issued with a feasibility
study contract in February 1989 which will be completed in early May. The general
design requirement is for individual ejection seats capable of providing safe
escape from the launch pad to an altitude of 60 kn, speed of Mach 6.5 and maximum
dynamic pressure equivalent to 600 knots at sea level. During the landing phase,
recovery is required from 50 ka down to landing. Escape on the launch pad must
result in the crew descending on fully open parachutes at least one kilometre from
the launch tower.

elrmes has a crew of three, two pilots seated side-by-side and a crevsember, seated
directly behind the pilots. The spaceplane is mounted on top of an Arian 5 booster
for launching into space. Ra-entry is as a glider with control being provided
conventionally by the two pilots.

Throughout the study, the prime requirement for minimum maas has been paramount.
together with the safe operation of the escape system.

Our initial studies have quickly identified the need for encapsulation to protact the
eject*e from kinetic heating during high speed escape rather than for windblast
protection, although this too is a factor.

We have endeavoured to minimise the escape system design impact on Vernes by
simplifying the installation, retaining pilot field of view and ejecting the crew
through the smallest apperture. We believe that our proposed preliminary design meets
most of these objectives.

From the various trade studies which have been made during the feasibility study, we
have selected the following system which currently appears to offnr the optimum
solution.

PROLIMINARY PESIGN DSSCRIPTION

General Description

It is proposed that each cre~wieber be provided with an encapsulated ejection seat
which also provides the function of crew seat for normal operations (figure 1).

Structural Interface

The ejection seat would be mounted on guide tubes which extend from the cabin floor to
roof. The upper ends of the guide tubes attach to cross tubes extending across the
upper part of the cabin.

These guidetubes would also act as ejection guns as they incorporate inner piston

tubes, the upper ends of which engage in a latch at the top of the ejection seat. On

ejection, the guidetube/ejection guns pressurize causing the inner piston tube" to rise
propelling the seat up the outer guidetubes which would remain in the cabin.

Location and Adjustment of Crevesaber

The crevmember would be seated on specially moulded insects which correctly position
him/her in the cabin. No vertical adjustment is provided. With so few astronauts, for
which the anthropometric data is well known, we see no advantage in providing heavier
electro/sechanical seat adjustment.
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because the pilots may need to lean forward to adjust the controls, shoulder harness
retraction is proposed. This will enable forward movement with acceleration locking
and with ballistic retraction prior to ejection.

The tilt facility to raise the crew's heads to withstand acceleration during launch can
be provided by manually tilting the sitting platform within the capsule and not by
tilting the seat as a whole. This is expected to provide the required positioning for
the lightest mass. On ejection, a simple ballistic actuator would retract the occupant
sitting platform to the correct position.

FIGUFE 1

Usca.e Parameter Definition

During the feasibility study, we have considered only the specified operating envelope,
i.e. zero-zero to 60 km at Mach 6.5. Extension of this envelope will be considered
whsn the basic design has been fully established. At the present time limits are
expected to be set by the capatility of the retardation/stablization, thermal
protection and life support systems.

Human Engineering

The ejection seat is being designed to include the full range of percentiles wearing
the light pressurized Intra Vehicular Activity (IVA) suit. The detailed study will
form part of the second phase of the feasibility study.

7- - 7-,
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Dosal Oeratima Requirem.nts

The design would take full consideration of the normal operating requirements. During
the preliminary study, it became apparent that ingress and *gress to the pilot seats
would require very careful design consideration, as the cabin is positioned "oe-eW in
the launch attitude. It will be of special importance to provide rapid egress in the
emergency case. We are reviewing several options including dropping one pilot seat
back on shock struts, the crewmember seat being installed to one side for this orpoeoe.
Alternatively, all seats could swing down towards the 'upright' position.

Emergency Bacape Initiation

Ejection initiation presents a major design difficulty, as this function cannot be left
to the crew as in military aircraft. In many scenarios the crew will receive little
definite information to indicate the possible need to eject. The time takes for a
problem to become a catastrophe may well be too short and present insufficient severity
indications to enable the crew to react and make a decision to initiate ejection before
an explosion occurs. We have therefore studied the three prime escape initiation
methods as follows:

a) Automatic Ejection

A signal would be required to be sent by the spacecraft system (computer) to
initiate crew ejection on the launch pad. The parameters under which ejection
would be initiated must be determined by the prime Contractor, as will the method
of generating and transmitting the signal. In order to respond to the ejection
signal, the seat sequencers will need to be active requiring a power supply from
the spacecraft, via a battery, to ensure power supply continuity in the enet of a
spacecraft power failure. The use of one master ejection sequencer with slaved
sequencers on the two remaining seats is being considered in order to reduce costs
and to provide a central control for ejection sequencing.

b) Ground Control Initiated

The requirement to initiate a Command Ejection by Ground Control is also considered
likely, especially if the crew is incapacitated, and could presumably utilize the
same signalling circuits as the automatic system.

c) Crew Initiated

Individual ejection initation is considered most likely to be required by the two
pilots. It was felt that pilot initiated ejection wojld be most likely to occur
during the final phase of recovery when problems were encountered on the landing
approach. Seat firing handles would need to be designed with maximum asfety in
mind and must not be prone to snagging.
The election controls could be incorporated in the arm rests and serve the dual
purpose of hand gripe which the ejectee can hold to restrain the arms.

WOO! Of OPERATIO!

Initist!on phases

Launch Phase

Initiation would be automatic via the main computer control. Alternative ground
control can remotely initate ejection. The pilots would have an ability to imitate a
sequenced ejection at all times if the system was armed.

DOomant Phase

The escape system would be automatically de-activated above the ejection operational
limit to prevent accidental initiation during the mission.

Ro-entry

At 3 point to be determined, the system would be automatically armed to enable ejection
initiation. Ejection is most likely to be initiated by either pilot during re-entry,
with automatic or ground control initiation less likely.

The rear crwmember sholild be positioned for ejection at all times that the system is

armed.

Pre-ejection Action

In the launch phase, the crewmembers are pasiengers and could therefore sit with arms
and legs in the ejection position and could have the clamshell closed to save time. In
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the re-entry phase, the pilots will need to have full access to the controls and
instruments and therefore must have the classhell open. Because of the re-entry phase
requirements, it would be necessary to have a clamessell closure device and therefore
little or no advantage is seen in having the clamshell closed for launch, as in any
case it is likely that this would be unacceptable to the crew.

In order to save weimht, it is proposed to dispense with restraint systems and require
that the pilots place their feet on foot rests within the capsule and grasp the arm
rest/ejection controls before seat initiation. For the launch phase where .-eoote
initiation would probably occur, it will be essential that the crew be in the eject
position.

A shoulder harness retraction unit will be provided as the pilots would be expected to
need to lean forward to reach controls. Ballistic retraction of the pilots shoulders
will take place as a pro-ejection function. The crewmember may not be provided with a
retraction device because he could be pre-positioned for escape.

Ejectse Protection

The eject** would be required to bring his/her feet back inside the capsule and place
them into special foot rests which secure the feet in place and provide a signal that
the feet are positioned within the capsule. The hands would be located on the armrests
and handgrips, again providing a positive signal of correct, safe, craw positioning.
On seat initiation the feet would be locked in place by sole latches (like ski
attachments) and the harness would tension.

Various forms of protective shield have been considered but, so far, the best appears
to be a laterally pivoted clamshell, the segments of which slide up under each other
for compact stowage above the headrest. On ejection these clamshell shutters are
ballistically closed to protect the eJectee. It is not intended that the capsule be
pressurized as the IVA suit offers this protection and the clamshell would be provided
to protect against transient windblast and heating during the initial exposure of the
seat. Immediately after rocket burn-out, the seat say be rotated to face its back into
the wind so that most of the windblast and kinetic heating will be taken by the smooth
rear of the seat. In this position the clamshell would serve to 'streamlines the seat
to reduce heat stagnation at high velocitiss.

Following the receipt of information from the Royal Air Force Institute of Aviation
medicine, it appears feasible from a physiological view point to keep the seat "face
into the wind'. The resulting eye-balls out deceleration of lOg for 20-30 seconds is
physically tolerable and the use of a head support (inflatable) would mininise head
nod. Dispensing with the post rocket burn rotation would certainly simplify seat
ejection and control and will be studied further.

* Inner thermal protection will also be provided to minimise the transmission of high (or
low) temperatures to the ejectes.

At seat/man separation after ejection, the clamshell separates prior to parachute
inflation. This can be arranged to coincide with increased deceleration from the

* developing parachute so that the clamshell peels away and down ensuring no risk of
classhell/man collision.

Election Path Clearance

Various hatch configurations are being studied including individual, double for both
pilots plus single for the crewmember and one large single hatch. Martin-Baker prefer
the single hatch concept if this can be integrated with the Hermes structure. Hatch
removal couJd be by pyrotechnic actuators, (thrusters) or rockets. These alternatives
will be studied, but is not seen as a major risk area for ejection.

Niection Gun Operation

A simple twin ejection gun is envisaged to propel the encapsulated seat and occupant
from the cabin {see structural interface).

iEection Beat Rocket

A single nozzle rocket motor is presently proposed which would provide a two second
burn and produce an acceleration of 15 g for the light subject. The fuel weight for
such a motor is expected to be 35 kgs and would be capable of propelling the seat on a
1 km long horizontal trajectory.

Trajectory

Ejection from the vehicle launch position should rosult in the creowember reaching the
ground as far from the vehicle as possible in the shortest time.

In order to reduce the parachute exposure to blast and heat, it is to be proposed that
the seat trajectory be as flat as possible with parachute opening delayed as long as
possible (see figtire 2).

U _________
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LOW @wUo ANO LAUNCH4 pPoucAD

1 0 MATCH JETTISON 5 o sALLuTE RELEASED ANO DROGUJE DEPLOYED
O EJECTiON GUN SEPARATES TO INCREASE PARACHUTE EXTRACTION FORCE
O ROCKET MOTOR FIRES 0 CLAMS•-ELL SHIELD SEPARATES

O PARACHUTE BEGINS TO STREAM

2 0 ONE SECOND ROCKET BUMN WITH
ACTIVE STIRING 6 0 PARACHUTE INWLATES

o SEAT/MAN SEPARATION OCCURS

3 0 CAPSULE ROTATES AS SALLUTE IS DEPLOYED
o ONLY SINGLE BRIDLE RETAINED 7 0 PARACHUTE FU.LY OPEN FOR DESCENT

4 0 LOW D RAG SALLUTE STA SM.JZES 
100 FROM H E E,

SEAT BUT MAINTAINS SEAT INERTIA FOR
LONG TRAJECTORY THROW

FIGURE 2

Trajectory Control

Traectory control viii be by gyro controlled nozzle vectoring as used in missile
applications. Information on suitable nozzle steering systems has been obtained and is
being studied for integration into the escape system.

Stabiliii

Low Level

Any stabilizing surfaces must be of low drag in order to retain momentum for the
maximum trajectory throw. A low drag ballute would offer the necessary stability vith
minimum drag during the majority of the seat trajectory. It is then proposed to
release the ballute and deploy a high drag ribbon drogue to extract the personnel
parachute..

Rid/Nigh Level and Speed

The use of a low drag ballute type drogue will be investigated to determine the best
method of providing stability and deceleration at high speed and altitude. Aerofoils
are expected to be unsuitable at high each numbers due to kinetic heating which is
expected to burn away any protuberances from the seat outer envelope. Ballute
technology is well understood and appears capable of extension to Mach S-7, assuming
that the high stagnation temperatures of 1350 C can be tolerated. Similar Ballute
studies are being conducted to stabilize the Hermes Crew Module and therefore data
could be read across.

Parachute Deployment
Alternative methods of parachute deployment are being considered. The use of the

drogue to deploy the parachute will minimise weight and should be satisfactory in the
launch pad case in view of the high velocities generated by the propulsion system.
There will never be a *zero-zero" ejection situation as parachute streaming will always
take place in a high relative wind due to tte high performance of the seat rocket.

At high altitudes, parachute deployment will be delayed until 5,000 metres altitude
(see figure 3).

The fall back method will be parachute extraction by rocket as on Martin-Baker's United
States Navy Aircrew Common Ejection Seat (NACES).

A _ _ _ _ _ _- - _ _ _ _ _ _ - . . - - - .,-- -.-.-- S .
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FIGURE 3

a ROCKET FIRES

2 0 ROcKET PROVIDES OPTI TRAJECTO•Y
FOR P•UMC CLEARANCE

3 0 eALLuTE DEPLOYS0 ALL ESFJCLES CONNECTEDO
0 CAPSULE ROTATES

40 CAPSULE POSITIONED FOR BEST HEATAND Q PROTECTION

0 5 0 BALLUTE STA8ILIZES SEAT BUT PERMITS
RAPID DESCENT

60 SALLUTE RELEASED AND DROGUE DEPLOYED
AT LOWER LEVEL TO SLOW CAPSULE FOR
PARACHISTE DEPLOYMENT

7 aO8RIOLE RELEASE ROTATES CAPSULE TO
UPRIGHT POSITION FOR MAJORITY OF DESCENT

S 0 CLAhME SEPARATES AND PARACMU rE
EXTRACTED BY DROGUE AT W METRES ALTITUOE

Seat/Nan Separation

Martin-Baker believe that it is preferable that the ejectee separate from the seat at
parachute opening. The reasons for this preference are:
a) A smaller lighter parachute could be used as it would not be required to suspend

the encapsulted seat weight.

b) No impact attenuation devices would be required.

c) The ejoctue would automatically separate and not have to separate manually.

"d) -Ambient air breathing could be used via an anti-suffocatlon valve, reducing the
amount of oxygen to be carried.

e9) Adequate thermal protection could probably be provided by the reflective suit.

The above describes the currently preferred option from among the designs so far
studied. We shall, however, continue to study alternatives for seat design to identify
systems which offer the best possible approach with minimum design risk.

"Martin-Baker will continue to study the overall design and also initiate more detailed
studies of the main elements, such as drogue stabilization, temperature extremes
protection end rocket motor thrust vectoring. We shall also initiate the study of
prograe management and the testing and qualification of such a system.

It is already apparent that the test programe would, at some point, require testing of
the seat under actual conditions, if the required level of confidence is to be
achieved.

The Hermes Management Team are meeting the crew safety challenge by initiating and
funding wide ranging feasibility studies. They are placing equal emphasis on the Crew
Escape Module concept and this study is also most promising. Herses has the enormous
advantage of hindsight which, we all know is perfect, and this valuable experience is
being put to good use. We believe that this pioneering work, whether by CEM or
encapsulated ejection seats (or a combination?), can provide an effective and efficiint
means of safe crew escape. Such a valuable prize will however not be obtained without
continuing to coit the necessary resources and dedication.

~~1
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